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ABSTRACT

This research work was directed toward the development of a
consistent experimental and theoretical description of the phe-
nomenon of intrinsic unstabl: combustion in the gas rocket. A
determination was achieved of the contribution of gas phase rate
prccesses, (in particular, chemical kinetics), to the coupling of
a finite-dimensional unsteady turbulent combustion zone and finite
amplitude (linear and nonlinear) longitudinal mode pressure
oscillations.

Experiments with the CO(HZO)/Oz/N2 propellant system confirmed |
the critical importance of the mean combustion temperature in de-
termining the onset of nonsteady burning. As previously observed
in the H2/02/N2 and CH4/02/N2 systems, the spontaneous transition |
from a regime of steady combustion located about the stoichiometric
mixture ratio to a regime of nonsteady combustion characterized by
finite amplitude, constant frequency, longitudinal mode pressure
oscillations occurs at approximately fixed combustion temperatures
independent of the relative dilution of the combustible mixture.
Subsequent investigation in which trace amounts of CH, (which is
known to have an inhibiting effect on the overall rate of reaction
in the CO(H20)/O2 system) were added to CO(HZO)/oz/N2 mixtures
showed conclusively the dominant influence of the propellant
chemistry on the linear and nonlinear system response.

Diagnostic experiments (temperature profiles and direct and
high-speed schlieven photography) showed that the combustion zone
is charac*erized by the existence of distributed high intensity
turbulent reaction zones centered at each injection port and ex- 2
tending axially 1 to 4 cm into the combustion chamber. Reaction q
is completed with the attainment of the equilibrium adiabatic com-

bustion temperature within the mixing zone of the high velocity 3

.

expanding jet. Combustion is maintained in the initially sonic
underexpanded jet by virtue of the recirculation of hot product
gases and the intense mixing of products and reactants. No intrinsic
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fluid dynamic jet unsteadiness was observed. During sustained
nonlinear oscillations the overall turbulent combustion zone volume
is unsteady and undergoes large ampiitude oscillations in size at
precisely the same frequency as the pressure oscillation., The
shock wave passage nearly corresponds to the observed minimum in
the volume oscillation.

These data led to a formulation of 3 model of the overall
burning process which supplied the appropriate combustion zone
boundary condition to the Crocco-Mitchell analysis of the chamber
wave dynamics. The analysis is valid for the case where the small
mean chamber Mach number serves as a measure of the steady level
of combustion as well as the mean nozzle outflow. Overall reaction
rate data from turbulent flow reactor studies was used to calculate
the energy release rate due to chemical kinetics and to identify
a characteristic combustion time. Perturbation in the mean com-
bustion zone thermo’ynamic and gasdynamic properties were linearly
coupled to the pressure perturbation. The important consequence
of a phase lag between oscillations in temperature, combustion
volume, and pressure was noted. A single nonlinear ordinary
integro-differential equation governing the amplitude of the pressure
oscillation was derived. The linear and nonlinear system response
was predicted for the H2/02/N2 and CH4/Air systems for several
particular cases. A strong system resonance was predicted to
occur for ratios of the combustion time to the period of oscillation
of the order of 0.1 to 1.0. Comparison of theoretical predictions
and stability limit and shock wave amplitude data for H2/02/N2 and
CH4/02/N2 systems showed excellent agreement and confirmed the im-
portance of finite overall chemical kinetic rates in the coupling
process. The similarity between experimental results for the CH4/Air
and CO(HZO)/Air systems was explained on basis of available overall
kinetic rate data and the theoretical results. The new theoretical
predictions of the important stabilizing influences of unchoked pro-
pellant injection and preheating of the unburned propellants were

confirmed experimentally.
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K = standard rave constant appearing in overall rate law
L, L = length of combustion chamber
= terms appearing in linear stability limit equation

) M = mean chamber Mach number based on adiabatic burned
gas conditions; a smcll parameter for gas rocket

M. . = mean injection Mach number based on total cross-
sectional area of injection ports

MW, = molecular weight of i th species

.

R = gas constant, universal gas constant

= flame surface area

i n

S = laminar and turbulent flame speeds
= temperature

= adiabatic combustion temperature
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po-
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= adiabatic combustion temperature at stability limit

combustion zone volume

0

= molar concentration of i th species

Rox <o w

= jet expansion (half) angle

a,p, g = dimensionless cocfficients appearing in combustion
zone boundary condition

= ratio of specific heats
= axial extent of unburned gas zone of combusting jet

eddy viscosity; amplitude parameter; ratio of
averaged property to burned gas property

m M O
]

3
ba~]

= phase angle of oscillation in mean combustion temp-
erature with respect to pressure oscillation

= phase angle of oscillation of combustion volume
with respect to pressure oscillation

<
o

= mass ratio of N2 to 02 in initial oxidizer mixture

= amplitude ratio of oscillation in combustion temp-
erature to oscillation in pressure

= dimensionless time
= ratio of unburned to burned gas temperatures

-

= wave length

= stoichiometric mixture ratio of oxidizer mass
fraction to fuel mass fraction

= kinematic viscosity

= density

R

= mass fraction of i th species
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Subscripts

ave
b

c, comb

crit, lim,
lower, upper

f

i, o, u
J

L, n
mix

02, oX
prod

r, recir

Xvii

response function coupling perturbation in the
combustion time to perturbations in the mean
combustion temperature and pressure

response function coupling perturbations in
characteristic combustion time and mean combustion
temperature

response function coupling perturbations in charac-
teristic combustion time and pressure

. : . T, - T
dimensionless combustion temperature, c i

Tb i
characteristic combustion time; essentially a
measure of mean rate of heat release
period of oscillation, % period of oscillation
residence time of propellant gases in unburned zone

characteristic mixing time or local eddy stay time
within expanding turbulent jet

equivalence ratio of initial propellant mixture
( § >1 corresponds to oxidizer-rich mixture)

equivalence ratio at lower (closest to § = 1) sta-
bility limit

equivalence ratio at upper (furthest from § = 1)
ctability limit

response function coupling oscillation of mass
injection flux to pressure oscillation

angular frequency

average value (over combustion zone volume)

burned gas property at adiabatic combustion temp-
erature

combustion zone property (volume averaged)

critical values of property at linear stability limit

fuel

unburned gas property at injection port (x = 0)
property within expanding jet

property evaluated at nozzle end (x = 1)
mixing chamber property

oxygen, oxidizer

products

recirculation zone property




Superscripts

Xxviii

!
perturbation quantities of order M, Mz, M3

dimensional quantity
stealy-state quantity

denotes perturbation of quantity from steady-state
quantity evaluated at injector end (x = 0)

ANt DR e




T — g e

o e

CHAPTER I: INTRODUCTION

The steady-state operation of solid and liquid propellant
rocket combustion chambers is characterized by high levels of
temperature, pressure, and turbulent multiphase mixing. Random
fluctuations in the nominally steady chamber conditions lead to
extraordinary levels of noise generation and are collectively
termed rough combustion. Frequently superimposed on this tol-
erable level of disorganized fluctuations are cyclic gas and
wave motions which may impose detrimental loads on the programmed
functioning of the motor. Such undesirable effects range from
substantial increases in the noise output, unanticipated devi-
ations in the system output in terms of specific impulse and
thermal loads on the chamber walls, structural vibrations and
loss of control, to total system failure. It is conventional to
refer synonymously to these periodic phenomena as unstable, non-
steady, unsteady, or oscillatory combustion. The basic feature
common to all of the observed organized motions is the existence
of a measurable, well-defined frequency. 1In view of the close
relationship between the observed frequency of the oscillations
and the mechanisms by which the oscillations are sustained it is
conventional to distinguish among frequency ranges according to
the mechanism of coupling of the waves and the motor system.

Low frequency or chugging oscillations with frequencies
below 200 Hz were first observed in liquid propellant rocket
motors in the early 1940's. Characterized by in-phase oscilla-
tions of the chamber pressure at all axial locations and sup-
ported by properly phased oscillations in the propellant mass in-
jection flux, this mode of oscillation is experimentally and the-
oretically well understood (1-11)1. Successful elimination of
combustion chamber and propellant feed line coupling has been
achieved by suitable injector and feed line design. Subsequent-
ly, pressure oscillations having frequencies in this range were

observed in solid propellant rocket motors with the advent of

lNumbers in parentheses indicate references, listed beginning
page 318.




geometrically larger motors operating at lower steady-state pres-
sures. Recent experimental and theoretical efforts (12, 13) in-
dicate that the mechanisms of coupling between the nonacoustic
pressure and temperature waves and the burning propellant are
complicated by lag effects in the solid phase. Theoretical de-
velopments (14) indicate that to a close degree of approximation
the pressure oscillations take the form of standing waves.

A second class of pressure oscillations in liquid propellant
motors with frequencies in the range of 200 to 1000 Hz is gener-
ally denoted. This type of oscillatory behavior is characterized
by mixture ratio oscillations which induce fluctuations in the
burned gas entropy or density and the chamber pressure. Crocco
and Cheng (3) and Berman (7) have attributed such oscillations
to the nonsteady injection and burning of the propellants. As
in the case of low frequency chugging this type of unstable com -
bustion is effectively eliminated by appropriate injector desiign
and propellant feed line manifolding.

It is important to distinguish between the aforementioned
types of combustion instability and unsteady combustion wherein
high frequency or acoustic pressure oscillations are supported in
solid, liquid, and gaseous propellant rocket motors. This report
will be restricted to an experimental and analytical treatment of
a particular type of acoustic wave motion observed in a gaseous
propellant motor. The designation acoustic is preferred over the
usual classification of high frequency. This follows from the

observation that pressure oscillations of this type manifest fre-
quencies which depend critically on the combustion chamber geom-
etry and the sound speed of the burned gases and can generally be
associated with one of the principal acoustic modes of the cham-
ber cavity with sealed ends. Thus distinctions are drawn among
acoustic oscillations on the basis of the characteristic dimen-
sion of the combustion chamber associated with the wave motion
rather than on the basis of frequency. 1In fact acoustic mode os-
cillations are observed to span the frequency range from 100 to
50, 000 Hz. Despite this broad range of frequency the mechanism

for sustaining acoustic oscillations is attrikuted to the com-




plex interaction of the pressiure waves with the energy and/or

mass sources in the combustion process. It should be noted that
the term acoustic is a compromise in diction in view of the con-
notation of vanishing amplitude, continuous, linear waves. While
the acoustic oscillations discussed in the report typically as-
sume these characteristics close to intrinsic or natural stability
limits, large amplitude, nonlinear, and often discontinuous waves
are encountered upon sufficient departure from the limiting con-
ditions, Furthermore, in some systems it is possible to excite
high amplitude nonlinear oscillations by artificially disturbing
otherwise intrinisically steady combustion chamber operation. 1In
both situations the characteristic frequency of the excited oscil-
lation invariably lies sufficiently close to a natural mode of

the chamber so that the term acoustic is appropriate in the limited
sense of denoting the frequency. As noted the distinction among
the various acoustic oscillations observed in rocket motors can

be made on the basis of the particular mode excited. The low fre-
qguency (100 to 1000 Hz) end of the scale is generally attributed
to longitudinal or axial wave motion. Higher frequency or scream-
ing (1000 to 50,000 Hz) is associated with oscillations in planes
normal to the chamber axis and which are termed radial, tangential,
and spinning.

From an historical standpoint the initial interest of the
liquid propellant rocket designers was primarily with the longi-
tudinal mode oscillations. A great deal of theoretical and ex-
perimental effort (1, 3, 15, 16, 17, 18) was expended toward their
description and elimination. With the subsequent trend toward the
development of low aspect ratio (chamber length/chamber diameter)
combustion chambers and the use of high combustion pressures in-
terest shifted to the higher frequency transverse modes (19, 20).
Oon the other hand, the early encounters with combustion instabil-
ity in solid propellant systems generally involved the higher fre-
quency transverse modes (21, 23, 24). The appearance of these
high frequency modes was inhibited with the advent of the addition
of metallic additives to the solid propellants. The transverse
modes were found to be strongly damped by the presence of con-
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densed phase metal oxide particles in the product gases. The
subsequent trend toward the development of larger solid propel-
lant rocket motors and the use of lower combustion pressures has
focussed attention on the lower frequency longitudinal modes and
the L* instability.

The recognition of the fundamental and practical significance
of the problems presented by the phenomena of acoustic oscillations
in solid and liquid propellant combustion chambers has inspired
extensive experimental and analytical programs in these areas at
Princeton. The specific program to which this report is devoted
is closely associated with the liquid propellant rocket instability
program. While attention is therefore directed to the liquid
rocket studies it has been suggested that certain aspects of the
work may bear a closer relationship with nonsteady combustion in
a solid propellant system.

Theoretical description of the phenomenon of acoustic mode
nonsteady combustion in a liquid propellant rocket motor was
initially undertaken by Crocco (l). Quantitative estimates of
longitudinal mode stability characteristics were achieved through
the linearization of the conservation equations for one-dimensional
compressible flow in a high aspect ratio combustion chamber. Be-
cause of the dearth of experimental information concerning the
physics of the complex combustion processes occurring in the com-
bustion chamber, the interaction of the combustion process and the
pressure waves was expressed through heuristic arguments in which
a pressure sensitive time lag influenced the instantaneous rate
of mass addition to the chamber gases. This pioneering effort sum-
marized by Crocco and Cheng (3) provided the basic guidelines for
a systematic experimental investigation of the phenomena of un-
stable combustion in liquid motors. The subsequent correlations
drawn between the experimental results and theoretical predic-
tions described in (18) confirmed the significant role of a time
delay mechanism in the coupling between the combustion process
and the pressure oscillations. The immediate consequence of this
interim comparison of theory and experiment was the generation of
parallel theoretical and experimental investigations. The experi-
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ments had defined the intrinsic longitudinal mode motor stability
limits1 arnd the mean wave amplitudes as a function of the chamber
geometry and the propellant equivalence ratioz. The growth of low
amplitude sinusoidal oscillations into large amplitude nonlinear
(occasionally shock-type) pressure waves occurred as the regime
of unstable burning was traversed. Theoretically it was necessary
to treat the full nonlinear problem in order to account for the
existence of finite amplitude pressure waves. The new investi-
gations carried out by Sirignano (26, 27) retained the sensitive
time lag model to describe the combustion source terms and re-
sulted in quantitative correlations bhetween the time lag model

and the wave shape and amplitude of axial mode oscillations. Ex-
perimentally a better understanding of the complex processes of
nonsteady combustion in a liquid propellant combusticn chamber
was needed. It was necessary to improve the physical combustion
model employed in the theoretical analysis and, hopefully, to
distinguish those processes which determine the response or coup-
ling (in particular the time lag and its sensitivity to the phys-
ical and chemical properties of the combustion gases) of the com-
bustion process to the pressure oscillations. The original ex-
periments of Crocco, Harrje, and Grey (18) indicated the possible
importance of gas phase rate processes in the coupling process.
This inference was drawn from the observation that the experiment-
ally determined sensitive time lag was in the range that one might
expect if the gas phase (chemistry) was controlling. Thus among
the new experimental investigations, the program of studying lon-
gitudinal mode combustion instability in a simplified rocket motor

using premixed gaseous propellants was initiated3.

lA stability limit is a boundary demarcating a zone of steady

combustion and a regime of spontaneous or intrinsic, combus-

tion-driven oscillations. A point in the unstable regime is
characterized by oscillations having approximately constant

peak-to-peak amplitude and steady frequency.

The equivalence ratio is defined as the oxidizer to fuel mix-
ture ratio divided by the stoichiometric mixture ratio.

Initial experimental results obtained with such a device at
Purdue (58) indicated that in many ways the instability
characteristics observed in the gaseous system were similar
to those encountered in the liquid motors.

2
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The gaseous propellant rocket motor or gas rocket was de-
signed as a research tool to accomplish a specific goal. 1In brief,
the system provides for the control of those parameters observed
to be of significance in determining the longitudinal mode sta-
bility characteristics of 1iquid propellant systems. A combus-
tion zone is established at one end of a high aspect ratio com-
bustion chamber by the injection of premixed energetic gaseous
propellants. The combustion chamber geometry including the cham-
ber length, the injection pattern, and the nozzle shape is easily
varied. By adjustment of the propellant mass flow rate and the
nozzle contraction ratio a range of propellant equivalence ratios,
combustion pressures and mean flow Mach numbers can be achieved.

It was originally hoped that by eliminating liquid phase phenomena
an explicit determination couid be made of the influence of gas
phase rate processes (in particular chemical kinetics) on the
phenomena of axial mode unstable combustion.

It should be emphasized that despite certain similarities be-
tween system operation and the observed stability characteristics
in liquid and gaseous propellant systems the study of the stability
characteristics of the gas rocket must not be taken as an end in
itself. Knowledge of the system's stability characteristics is
useful only insofar as this knowledge can be integrated with a
satisfactory physical and analytical description of the coupling
between the gas phase combustion process and the oscillating pres-
sure waves. In this regard the gas rocket conceptually provides
the simplest form of a dynamically coupled combustion zone and
combustion chamber flow field. As such it presents a system amen-
able to a analytical treatment. 1Ideally one would hope to combine a
realistic description of the combustion zone with an analysis of
the combustion chamber dynamics and, after including an appropriate
description of the nonsteady nozzle behavior, determine the stabil-
ity characteristics of the system as a function of the principal
system variables. It is only after the estapblishment of a real-
istic and consistent analytical and experimental argument that use-
ful information from the gas rocket investigations can be extracted.
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Following an initial series of experiments by Pelmas (28),
Bertrand (29), and Schob (30), Bowman (32) in 1966 completed an
extensive catalogue of the stability characteristics of the gas
rocket. These investigations included a description of the motor
stability limits as a function of the combustion chamber, injector,
and nozzle geometries, the steady state combustion pressure, the
mean flow Mach number, and the propellant equivalence ratio or
combustion zone temperature. The waveform of the compustion pres-
sure oscillation was observed to be distinctly nonlinear and gen-
erally assumed the form of a steep-fronted shock wave propagating
axially at approximately the fundamental longitudinal mcde fre-
quency. The systematic appearance of regimes of harmonic mode
oscillations in the form of two or three propagating shock waves
was noted. Comparison of these experimental results with an analyti-
cal model formulated by Sirignano and Crocco (26) was attempted.

In view of the fact that the theory represented a first attempt in
the application of a simplified zero time lag combustion zone
boundary condition to a nonlinear analysis of the combustion chamn-
ber dynamics, the tentative agreement between theory and experiment
on certain points was encouraging. A more complete discussion of
these experimental and analytical results is offered in Chapter II.
Suffice it to say at this point that significant quantitative and
qualitative discrepancies among theory, accumulated experimental
data, and published kinetics data were wupparent. In addition cer-
tain anomalies in the experimental results were totally puzzling.

The present work represents a logical sequel to the preceding
investigations and is keyed to the development of a consistent
theoretical model which accurately predicts the experimental ob-
gservations. In this regard, special effort is devoted to charac-
terizing the role played by gas-phase rate processes - specifical-
ly chemical kinetics - and a finite-dimensioned flame 2zone in the
coupling between the combustion zone energy release and the non-
linear longitudinal mode oscillations. In view of the definitive
nature of this work a particular effort is made to place the pre-
vious and the present researches (at Princeton and elsewhere) in

the proper perspective especially with regard to the fundamental
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bearing of gas rocket investigations on the more practical prob-
lems of nonsteady combustion in liquid and solid propellant sys-
tems. To this end a critical examination of several related in-
vestigations is undertaken in Chapter I1. Chapter II1 presents
a description of the basic gas rocket system. Certain important
changes in the basic system were necessitated in the course of
the experimental work. Several of these are discussed in Chap-
ter III.

It was felt that most of the discrepancies between the
Sirignano-Crocco analysis and the experimental results could be
attributed to the simplifications in the theoretical model neces-
sitated by a virtually complete lack of experimental information
about the structure of the gas rocket combustion zone. These
discrepancies are discussed in Chapters II, 1V, and V. Further-
more, the predicted critical dependence of the system stability
characteristics on the propellant chemistry (the activation en-
ergy) had not been confirmed experimentally. Chapter IV details
the results of a l:ngthy series of experiments performed with the
CO(Hzo)/oz/N2 propellant system to which minute traces of CH, were
added in order to accurately test this prediction. The inhibiting
effect of the CH4 molecule in the Co/o2 reaction, expressed as an
increase in the one-step or overall reaction activation energy is
manifest in a marked shift of the stability limits in gqualitative
accord with the 1 eoretical prediction of the original Sirignano-
Crocco model. A discussion follows of four separate experiments
designed to improve the understanding of the combustion zone dis-
tribution under steady and nonsteady conditions and thereby facil-
itate the formulation of a more realistic combustion zone model.
Radial steady state combustion zone temperatures were measured
with "wall mounted" thermocouples. BAxial profiles of the steady
state combustion zone temperature as a function of the propellant
equivalence ratio and the injector configuration were obtained
using *raversing uncooled and water cooled thermocouple probes.
Direct photographs of the combustion of H2 and air under stable
conditions were obtained employing a specially designed combustion

chamber section with quartz windows. A description follows of a




series of experiments employing instantaneous spark schlieren and
shadowgraph photography of the combustion zone under steady and
nonsteady operating conditions. A brief discussion of the schli-
eren system and a second redesigned windowed chamber section is
included.

Chapter IV concludes with the results of a series of experi-
ments employing techniques of high speed schlieren photography to
observe the combustion zone under steady and nonsteady operating
conditions. A discussion of the system to allow remote operation
of the high speed Hycam framing camera and the correlation of the
photographs with the transient pressure record is included.

Chapter V presents the details of a more realistic model for
longitudinal mode combustion instability in the gaseous propellant
rocket motor. A nonlinear analysis (originally due to Crocco and
Mitchell (33, 34) and reformulated by Crocco) ¢ ¢ the wave dynamics
in the combustion chamber for the case of low mean flow Mach num-
ber is performed. The important contribution of the diagnostic

experiments in the formulation of the combustion zone boundary
condition is discussed. An initial model, paftially motivated by
the comparison of Bowman's experimental results with the original
Sirignano-Crocco model and with kinetics data, in which the com-
bustion zone is assumed to take the form of extended noninteracting
cone-shaped flamelets is outlined. The influence of the experi-
mentdl work and initial numerical results from the first model on
the formulation of the alternative combustion model is pointed out.
Emphasis on the physical aspects of the "real" system is shown to

lead naturally to a distributed combustion model which can be pos-
tulated independently or derived by appropriate spacial averaging

of a one-dimensional recirculation-stabilized combustion zone. Un-
steady effects arise due to the sensitivity to the oscillating
pressure of the burning rate, the injection mass flux (in the case
of unchoked propellant injection flux), and the overall combustion
zone geometry or burning zone volume. The development and solu-
tion of the ordinary non-linear integro-differential equation gov-
erning the form of the dimensionless pressure wave for the linear
and nonlinear system response are discussed. Additional particulars
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g of the numerical techniques and the digital computer programs
are contained in the Appendices.

Two additional experiments designed to test the important
! new predictions of the analytical model are described. The
results are shown not only to corroborate the theoretical pre-
dictions but also to serve to explain an otherwise anomalous
experimental observation.

Chapter VI presents a general summary of the experimental

and analytical results. Relevant conclusions are discussed. The

inappropriateness of comparing the results of Tsuji and Takeno
(and perhaps those of the Purdue investigators) to results ob-
tained at Princeton is indicated. The existence of two modes or
operational regimes for a gaseous propellant rocket-type system
is noted. The relevance of gas rocket data to practical liquid
systems is discussed. The possibility of relaxing the quasi-
steady treatments of the gas phase reaction zone in theoretical
analyses of liquid and solid propellant rocket combustion insta-
bility is suggested.
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CHAPTER Il: Nonsteady Combustion of Premixed Gaseous Propellants

A critical discussion of researches relevant to
the investigations discussed in this report.

A. Early Investigations

The development of the gaseocus propellant rocket motor at
Princeton was motivated by the expressed desire to improve the
understanding of the influence of gas phase rate processes on
the phenomena of unstable combustion in liquid propellant rocket
motors. Jomewhat similar devices were constructed at Purdue
University and at the University of Tokyo with more or less the
same goal in mind. Previous experimental and analytical research-
es pertaining to these three systems form the necessary context
in which the present work should be considered. These will be
critically reviewed in the paragraphs to follow.

The study of nonsteady combustion in systems utilizing pre-
mixed gaseous reactants is certainly not a recent development.
Indeed, the well known temporal and spacial Rayleigh criteria (35)
for the support of oscillations by the periodic addition of heat
were formulated in the mid 19th century. Excellent reviews of
basic research work on combustion supported acoustic oscillations
including those prior to World wWar II are to be found in (41, 48).
During the early 1950's Kaskan and Markstein indeper-dently per-
formed basic experimental studies of nonsteady flam« propacation
(36, 37, 38, 39, 40). These works are summarized by Markstein
(41) and represent the first systematic attempts to study the
physics of the coupled interaction between pressure waves and a
zone of gas phase combustion. Wwhile the observations made by
these investigators are not directly applicable to the gas rocket
studies, they succeeded in delineating certain mechanisms of pres-
sure wave amplification by flame systems which have been applied
by investigators in the propulsion fields. Markstein and Kaskan
concluded that the fluctuation of the total burning surface or
flame area in response to applied fields of varying pressure is
an important coupling mechanism. For low amplitude sinusoidal

pressure waves they observed that this source of coupling may
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dominate the expected amplification due to increased burning rate
in response to the pressure and temperature variations. Kaskan
concluded that this is especially true in the case of higher fre-
quency oscillations (A~ 4000 Hz) where the oscillation period be-
comes of the order of the expected chemical reaction times in near
stoichiometric flames. A completly theoretical analysis of the
generation of acoustic waves at a thin planar flame front whenever
there occurs a change in the burning velocity, the heat release

per unit mass, the specific heat ratio of the gases, upstream en-
tropy variation, or the interaction of a thin flame front with a
pressure or velocity wave was presented by Chu (43). The ability
of a steady premixed laminar propane-air flame (established at omne
end of a long thin tube at atmospheric pressure) to drive or damp
artificially impressed longitudinal mode acoustic oscillations was
studied analytically and experimentally by Blackshear (44, 45).
Blackshear analytically treated the flame as a pressure-velocity
discontinuity and used the conservation equations of mass and mo-
mentum to develop a simplified wave equation. The assumptions of a
nonsteady, short, flame zone and low Mach number of the combustion
product gases allowed predictions from the wave equation analysis of
the effeccs of flame area change, mixture ratio, unburned and burned
gas density ratio, and the impressed wave amplitude on the driving
characteristics of the flame. The generation of pressure waves by
virtue of momentum fluctuations (velocity fluctuations) was empha-
sized. The use of energy conservation relationships was avoided
and a step change in temperature and density across a zero thick-
ness flame was considered. Blackshear's analysis also supported
the conclusion that fluctuations in the flame area can be critically
important in determining the ability of a flame to drive standing
waves. The omission of the possibility of coupling through the in-
fluence of the pressure waves on the burning rate represents a

serious shortcoming of this early work.

B. Studies of Putnam and Merk

The first systematic observations of spontaneous combustion

supported oscillations in a premixed gaseous propellant combustor
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were reported by Putnam, et al. (46, 47, 48, 49, 50). Schematics
of the devices employed in these investigations are shown in
Figure II-1. Putnam referred to these system geometries as
"rocket shaped". This term is appropriate only in the sense that
combustion is concentrated at the upstream end of the cylindrical
burner. He also applied the term "low duty" in describing the
operating characteristics. Again the appropriateness of this term
lies in the fact that the 3ystems were generally operated at at-
mospheric pressure with no aft end nozzle. While use was made of
energetic premixed gaseous reactants such as hydrogen and air, the
total mass flux was on the order of 0.2 gms/sec or about two orders
of magnitude lower than that used in the gas rocket studies dis-
cussed in this report. 1In addition the injection Mach number was
approximately 0.03. Putnam reported the effects of the system
geometry (the relative lengths of the plenum and combustion cham-
bers) and the percent theoretical air on the frequency of acoustic
longitudinal mode standing wave (organ pipe) pressure oscillations
sustained in the plenum and combustion chambers. By virtue of the
small pressure drop across the injector ports the injection mass
flux was strongly coupled to the pressure variations in the com-
bustion chamber. 1Invokiig the Rayleigh criterion (for the driv-
ing of periodic oscillations) that requires an oscillating com-
ponent of the heat release rate to be properly phased with the
pressure fluctuation at the point of heat release, Putnam argued
that energy is periodically input to the standing wave system due
to the coupled interaction of the combustion chamber, the plenum
chamber, and the injection ports. For the "short port" system of
Figure II-la, Putnam suggested that pressure fluctuations originating
in the combustion chamber pass upstream, reflect from the end of
the mixing chamber, return to the ports, and produce a surge of
premixed reactants into the combustion chamber. This additional
slug of unburned propellant is then consumed after an appropri-
ate time lag (the nature of which is not specified). For a proper
match of the characteristic frequencies of the plenum and combus-
tion chambers and the right time delay between injection and con-
sumption of the extra globule of reactants a system resonance will
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occur and standing waves will be driven, the final amplitude de-
pending on the system losses (which were not specified), A sim-

ilar coupling mechanism was postulated for the system in Fiqure II-1lb
where the size of the plenum chamber is sufficiently large to pro-

duce a mismatch between the characteristic acoustic frequencies

of the two chambers.l Putnam suggested that the mass injection !
flux varies in response to pressure fluctuations in the combus-

tion chamber by virtue of the sensitivity of the mass of gas in

the long column of unburned gases in the extended injector tubes

to the pressure changes. The important action of a time delay

mechanism between injection and consumption of the extra reactant

mass (accumulated in the tubes during the higher pressure portion

of the combustion chamber pressure cycle and subsequently dumped

into the combustion chamber during the low pressure phase of the |
cycle) was emphasized. Putnam logically argued that only by vir-

tue of the time lag between the oscillating component of the flow

rate (which is always oppositely phased to the pressure fluctu- |
ation for a zero inertia gas system) and the oscillating component

of the energy release can standing waves be driven., It should be

emphasized that Putnam®s arguments are essentially qualitative.

No formal analytical structure was proposed to model the system,

While the physical reasoning is persuasive no diagnostics of the

system were performed other than measurements of the mixture ratio,

the blowoff limits, and the supported frequencies. The basic ob-

servations revealed the presence under certain conditions of low

amplitude, linear, standing longitudinal mode waves, It is of in-

terest that preferred frequency ranges depending on geometry were

observed with the regimes of sustained oscillations falling at and
around the stoichiometric mixture ratio. For the ethane-air system
second harmonic standing wave oscillations prevailed at the stoi-
chimetric mixture ratio with the fundamental mode "limits" fall-

ing at off-stoichiometric mixtures., A lower combustion chamber

lThe characteristic frequency of the plenum chamber filled

with cold unburned reactants and the combustion chamber
filled with hot combustion products,
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length limit1 for the appearance of nonsteady combustion was pos-
tulated,

A comprehensive theoretical analysis of the nonsteady com-
bustion of premixed gases in systems analagous to those studied
experimentally by Putnam was carried out by Merk (51-56), A de~
tailed review by Putnam of this work is found in (4l1). The anal-
yses represent a significant contribution toward the understanding
of mechanisms by which acoustic oscillations in simplified flow-
combustion systems are coupled to the energy release in a pre-
mixed gaseous reactant flame zone, Merk (52) considered the sys-

tem shown in Figure II-2,

Feed Burner head
systom  mixing tube Flame tube

— =1 !
I——‘ '. —l-{—-

Supply system J Lunbuotlou gystem
Flow lylrt;m

Figure I-2. Combustor analyzed by Merk

The standard principles of linearized dynamic stability analysis
were applied to the conservation equations of mass, momentum, and
energy for the system, The conventional acoustics treatment of
the system components by means of lumped element electrical cir-
cuit analogues allowed a determination of the linear stability
characteristics, Quantitative comparison of the theory with ex-
perimental data was precluded by the introduction of several un-
determined parameters in the analysis and the inability to cal-
culate a priori the necessary acoustic impedances and admittances
for various components of the system, The analyses showed quali-
tative agreement with Putnam's results.,

Merk considered the case where the plenum or mixing chamber
and the combustion chamber are acoustic resonators closely coupled

through the low pressure drop ports in the burner head., One-di-

1

That is, a characteristic chamber length below which, stable
combustion prevails for all propellant equivalence ratios.
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mensional flow with low Mach number was assumed with friction and
heat conduction neglected, Laminar premixed flames are anchored
at each injection port and have a characteristic length which is
short compared to the characteristic chamber lengths, Merk wrote
the conservation equations valid across the injector in order to

relate the uniform properties in regions 1 and 2 of Figure II-3,

Figure I-3. Flow system near the burner ports

The nonsteady effect of the fluctuation in the flame volumes, Vfi’
was included in the conservation equations. Oscillations upstream
(region 1) of the flames were shown to be isentropic., Merk demon-
strated the nonisentropicity of the downstream oscillations but
also showed that in the limiting case of low mean flow Mach number
these are unimportant, The heat release fluctuations at the flames
were coupled to the acoustic standing wave oscillations in 1 and 2
through the sensitivity of the heat release rate to the fluctua-
tions in density, flame speed, and the flame area, The sensitivity
of the flame speed to fluctuations in the particle velocity and
the pressure upstream of the flames was accounted for by linearized
transfer functions, Following the approach of Crocco and Cheng (3)
used in the treatment of combustion instability in a liquid propel-
lant system, a time lag was introduced to account for the delay
between injection of the premixed gases and their consumption in
the thin flame front. All perturbation quantities were taken to
be of order Mach number and proportional to ei"’t° As will be dem-
onstrated in this report this is not quite correct for the case of
low mean flow Mach number and led Merk to the incorrect conclusion
that the only pressure sensitive energy source of importance in
the heat release-pressure oscillation coupling is the fluctuation
in flame area., Nevertheless, the theoretical analyses of Merk
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viewed together with the experimental results of Putnam provide a
firm foundation for understanding the nonsteady operation of the
"low duty" gaseous propellant combustor. The emphasis placed by
Putnam and Merk on the importance of the acoustic and fluid dynamic
interaction of the propellant mass injection flux and the upstream
flow and downstream combustic.i systems in determining the overall
stability characteristics of the combustor is well substantiated

by their results.

C. Gas Rocket Experiments: Zucrow, Osborn, et al. at Purdue

As was noted earlier, the development of the gas rocket as a
viable research tool for the determination of the influence of gas
phase processes (within the combustion chamber) on the phenomenon
of unstable combustion occurred independently at Purdue University's
(57-71) Jet Propulsion Center, the University of Tokyo (72-76) and
at the Guggenheim Laboratories at Princeton (26-32). These re-
searches have been motivated by interest in the practical problems
of rnonsteady combustion in liquid propellant rocket motors. Thus
the combustors were developed with an eye toward simulating the
geometry and the critical parameters observed (1, 3, 5, 6, 7, 18,
19) to influence the appearance of acoustic oscillations in the
liquid systems. It is of interest to reiterate and to contrast
the principal experimental and analytical results obtained in these
three programs and to comment on the systems themselves. As will
be shown in this report the steady and nonsteady operating charac-
teristics of the system employed by Tsuji and Takeno at the Uni-
versity of Tokyo differs markedly from that used at Princeton princi-
pally due to the failure of those investigators to uncouple the
mass injection flux of unburned propellant from the pressure
fluctuations in the combustion chamber by suitable injector design.
As a result of the extensive diagnostic program carried out by Tsuji
and Takeno further doubt is cast on the appropriateness of compar-
ing the longitudinal mode stability characteristics of either their
motor or the Purdue system to those observed with the Princeton system.

The studies of nonsteady combustion in a gaseous propellant
system by Osborn, Zucrow et al. at Purdue have been primarily

e e bt e
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experimental, Both longitudinal mode and transverse mode oscilla-
tions have been examined. Here only those experiments related to
the investigation of longitudinal mode acousticl waves will be dis-
cussed, 2Zucrow and Osborn (58) studied the influence of the com-
bustion chamber length, the mean combustion pressure, the nozzle
geometry, and the equivalence ratio of methane, ethane, super-
heated propane, and ethylene on the longitudinal mode stability
characteristics of the system shown in Figure II-4a, 1In contrast to
the low amplitude standing acoustic waves monitored by Putnam in
his low duty system, Zucrow and Osborn observed, during nonsteady
combustion, finite amplitude sinusoidal or nonlinear shock-type
waves propagating axially at approximately the fundamental acous-
tic frequency of the combustion chamber (with closed ends). Under
certain conditions (e.g., higher mean chamber pressure) there was
observed a shift from the fundamental longitudinal mode to a trans-
verse mode, Larger amplitude, higher frequency shock-type waves
were supported at higher mean chamber pressure (an increase in ﬁc
from 52 to 130 psia produced a shock amplitude increase from 20

to 35 psi although the dimensionless amplitude actually decreased
from 0,39 to 0,27). An increase in the length of the convergent
nozzle for fixed contraction ratio effected a shift from the shock
type wave form to a nonlinear continuous waveform, Subsequently,
Osborn and Bonnell (64) reported the maximum amplitude of longi-
tudinal mode oscillations supported by ethylene, ethane, and
methane in air as a function of the chamber length, Osborn and
Derr (66) using a somewhat different system than that shown in
Figure 4a determined a so-called lower critical combustion cham-
ber length below which no oscillations are sustained, Zucrow,

et al, (61) cor.celated the oscillation in the (ethylene-air) com-
bustion zone luminosity with the fluctuation in combustion pres-
sure, The results of these investigations are summarized in Fig-
ure II-4b, c, 4, e,

1 wacoustic® in the sense indicated in Chapter I. The fre-
quency can be associated with wave motion determined by
the combustion chamber geometry and the sound speed of the
hot combustion products,
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Essentially no systematic analytical formulation of the coupled
system-pressure oscillation instability phenomena was offered. The
work of Goede (69) is insufficient and open to criticism on several
grounds (e.g., the "system" was not analyzed and no mechanisms
for energy removal were included). A qualitative argument for the
mechanism of coupling between finite waves propagating axially in
a high aspect ratio combustion chamber and a pressure sencitive
combustion zone was proffered by Zucrow and Osborn (58). The pos-
tulated mechanism follows closely the concepts introduced by Crocco
(3) and developed at some length by Smith and Sprenger (25). Zucrow
and Oshorn envisioned a finite amplitude pressure wave passing
through a gas phase combustion zone characterized by a pressure-
temperature sensitive burning rate. 1In response to the increased
pressure-temperature field following the wave (after a delay of
approximately 10-4 seconds due to the inertia of the finite rate
kinetics and corresponding to the observed lag in the luminosity
traces) the burning rate accelerates and pumps energy into the
travelling wave system thereby sustaining the wave. The inverse
dependence of the wave amplitude on the oscillation frequency for
frequencies close to that observed at the lower critical chamber
length followed from the condition that more propellant is available
for driving if the positive portion of the pressure cycle is
temporally extended (assuming system losses to be unchanged for
small changes in the chamber length).

Specific criticisms of this argument were offered by Crocco
(59). While certain of these remarks must be modified by our mest
recent theoretical and experimental work, Crocco made the import-
ant point that the critical factor determining whether an oscilla-
tion will be supported by a pressure sensitive combustion zone is
the "balaace between the excess energy" (released during one cycle
in response to increased pressure) "and the excess energy absorbed
by dissipative processes and by the nozzle". The basic point to
be made in reference to the Purdue work is simply that, in lieu of
diagnostic experiments {(which would, for example, discern wrether
the apparent fluctuation in combustion zone lumincsity was "real".
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or merely due to a fluctuation in the axial location of the com-
bustion zone), little gain in physical understanding from a series
of empirical measurements of motor stability characteristics can

be achieved unless a systematic consistent analytical formulation
of the complete problem is achieved. As pointed out earlier the
accumulation of experimental data in the form of stability charac-
teristics of a gas rocket should not be considered an end in itself.
Only as these observations are shown to relate directly to phenom-
ena occurring in practical liquid or solid propellant systems, or
to be consistent with a realistic model thus allowing definite con-
clusions to be drawn about what is and what is not important can
they be considered useful. As will be indicated, the failure to
achieve either of these goals and the subsequent results of studies
by Tsuji and Takeno employing a similar gas rocket system casts
doubt as to the appropriate coupling mechanism active in the Purdue

experiments.

D. Theoretical Model of Gas Rocket Instability: Culick

It is appropriate to review the theoretical work of Culick
(79, 80) at this point in view of the fact that he made explicit
comparison of his results with the experimental results of the
Purdue group. Culick determined for the general three-dimensional
case the stability of a cylindrical combustion chamber with regard
to the support of acoustic standing wave oscillations by energy re-
lease. A linearized treatment of the equations of conservation of

e

mass, momentum, and energy for the case of low mean flow Mach num-
ber allowed the derivation of a single inhomogeneous wave equation
applicable to liquid or gaseous propellant motors. The effects of

1In this regard the observation of Osborn and Derr (66) that an
3 apparently longitudinal mode acoustic oscillation (referred to by
the authors as an "air whistle") was sustained in the absence of
combustion is interesting. The measured frequency of this os-

! cillation was sensitive to the chamber length and was of the same
‘ order of magnitude as that characteristic of oscillations observed
] during nonsteady combustion of ethylene and air. The possibility
' that the mechanism by which the "air whistle" was sustained may
1 indeed play a significant role in the support of combustion
oscillations was acknowledged but not investigated.
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energy release due to combustion and of the steady mean flow were
concentrated in the inhomogeneous term, The nozzle boundary con-
dition was specified in terms of an admittance function A= %E'
where 'P; is the dimensionless pressure perturbation and &a the
dimensionless velocity perturbation, both at the nozzle end, A
separate detailed calculation of the admittance function was per-
formed., By setting the perturbations in pressure proportional to
e_"'°""'t , Culick could have determined the stability criteria for
each mode (distinguished by appropriate wave number AR where a
is the burned gas sound speed) by equating the imacinary part of
the complex frequency (afR =«r+éA) to zero following standard sta-
bility analysis procedures, Instead an expression for A the am-
plification coefficient in terms of parameters corresponding to

the energy release, the mean flow, and the nozzle damping was de-
rived which is valid near A=0 . The effect of changes in the
important driving and damping terms could then be determined, Sta-
bility of a given mode is indicated for 2>0 ,

The system stability could be examined for various postulated
combustion-pressure wave coupling models, Of particular interest
with regard to the present work is the stability analysis (79) for
the case where the energy source term incorporates the gross fea-
tures of a gas phase combustion zone. The gualitative results of
that analysis were tentatively compared to the experimental data
obtained in the Purdue work, Culick artificially separated the
volumetric energy release rate term characterizing the combustion
zone into two terms, a pure rate term ( ~ 1/sec) and a coupled
energy release per unit volume term, The mean rate term was writ-
ten as Wc'aﬁf:"‘e-%? (1/sec), where BP™ represents the frequency
factor, 4 the mean chamber pressure, E the activation energy,
and T the mean combustion chamber temperature, The perturbation
in this mean rate corresponding to the dimensionless pressure per-
turbation is thus We = Wc (m +‘-§-'R—E;-r)-f"where the isentropic relation-
ship was used to relate £’ to 7T’ the perturbations in pressure

and T . Following the reasoning of Pickford and Peoples (78),

Culick set awc’ equal to the perturbation in the volumetric
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energy release rate (cal/cm3 sec) where @ is defined to be the
average available energy per unit volume added to the wave during
the positive portion of the transient pressure cycle, R = A:-;?mm)c
where "/ur is % the oscillation period, & the ratio of the
available energy Lo the total energy released, ¢ the heat of com-
bustion for a given mixture, )7'?,,, the total propellant mass flux,

and § is a combustion distribution function so defined that
Jv“fd\r = 1 where the integration is over the entire ‘chamber
volume, Thus the final form for the perturbation in the volumetric

energy release rate was written as

- 7 i -— Pul .e N
ch =AE ra'rw (m.'.F"' E ) e‘ L
! c —_—
ot ¥ RT f f
where the arbitrary factor e ‘% allows for a phase lag & between
the pressure perturbation and the combustion response, Culick de-
rived a single parameter, Ic , the magnitude of which determines

the system stability,

2 > 1 STABLE
1. = 2 (arlc)(-rrﬂc )( a.‘c*) D -
¢ gV @ NA/\Ygw) F,
<1 UNSTABLE
where
wilke 5
3 = dimensionless frequency dependent on geometry
mRE ,
A = geometry factor, R and L are the chamber radius
e Le and length respectively, the nozzle throat area
* = % ‘oded :
(] = (@O RT )? the characteristic velocity
-l C.*
a ¢ = factor depending on the propellant chemistry,
Y g We mixture ratio, and chamber pressure
-1 E
= m L— 3
Dn

= factor accounting for all damping effects due
Fn to nozzle geometry and Mach number at the nozzle
entrance (the mean flow) and the distribution
of combustion
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While Culick emphasized (80) the importance of the combustion dis-
tribution ( FA ) and hence the injection configuration in determining
the ultimate system stability, he also offered (79) certain con-
clusions regarding the influence on the stability characteristics

of the geometry, the mean flow Mach number, and the mean chamber
temperature and pressure. By simply noting the effect on the
magnitude of I, of a change in each parameter (all others held

constant), the change could be classified as "stabilizing" ( I. in-

sing in magnitude) or destabilizing (vice versa). Thus, in-
ing the nozzle length ( D, increases) or increasing the mean
r Mach number were seen to have stabilizing effects by virtue
of the corresponding increase in nozzle damping and convection by
the mean flow of energy through the nozzle. For a given axial mode
(w fixed) increasing the chamber length was observed to be destabil-
izing. Furthermore the lower modes should be the least stable.
Finally Culick examined the effect of variations in the term
a_a.CVY?Qc«a"r;l'-/(mJ;—'f")g.Wc and concluded that increasing the heat
of combustion 4 ot the propellant is destabilizing. Thus ethylene
should be "more unstablie” than methane. Furthermore in view of the
exponential depencierice on the parameter E/R‘-i—' of the term Wc an in-
crease in the combustion temperature T is destabilizing. (Im-
plicit in the argument is the conclusion that increasing the acti-
vation energy £ is stabilizing due to the same exponential de-
pendence). While Culick has indicated the incorrectness of the
isentropic relationship between the pressure and temperature per-
turbations in a zone of combustion (24), it is the feeling of this
author that the conclusions regarding the effects of the mean
chamber Mach number and the parameter E‘/%ﬁ- are also incorrect for
the case of longitudinal mode acoustic oscillations in a gaseous
propellant rocket motor having a low mean flow Mach number.
Culick's qualitative results cannot be compared properly to the
longitudinal mode gas rocket results (Purdue). Justification for
these remarks will follow a discussion of results obtained with

the Princeton system. The point is simply that the gas

rocket combustion zone has a characteristic length which
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is much less than the overall chamber length (in the case of lon-
gitudinal mode oscillations). This concentration of combhustion

has important consequences in the description of the coupling be-

tween the combustion zone energy release and the pressure waves.

E. Gas Rocket Experiments and Theory: Tsuji and Takeno, Tokyo

Tsuji and Takeno (73-77) have completed a series of experi-
mental and analytical studies on longitudinal mode acoustic oscil-
lations supported in a rocket motor employing premixed gaseous pro-
pellants of similar design to that originally used in the Purdue :
work. They have pursued a course of investigation quite similar |
to that followed by Bowman (32) and completed in this report. The
motivation for their work was to study the basic phenomena of non-
steady combustion in a system substantially simpler than a liquid |
prorpellant rocket motor. Premixed city gas of approximate compo-
sition - 37% H,, 24% CH,, 6.2% CO, 4% CoHy, 4% C3He. 9% Co,, 2.8%
and 13% N2 - and air were used as propellants in all of their

0,,
iivestigations. The initial experiments discussed in (73) de-
termined the longitudinal mode stability characteristics of the
system shown in Figure II-5a as a function of the mean chamber
pressure ( f% ), the propellant equivalence ratio, (¢= i; ) and
the motor geometry including the chamber length ( L. ) and the noz-
zle geometry. With regard to the injector section geometry it is /
noted that a choked orifice was located upstream of the primary

showerhead injector. This orifice was designed to suppress low ‘
frequency combustion pressure oscillations and to inhibit the up-
stream propagation of combustion in the event of flashback through ’
the primary injector. This design produced an "injection section"

(2 cm long, approximately 37 cm2 in cross section or a volume of

about 74 cm3) upstream of the primary injection orifices. Subse-

quent modification of the system to allow monitoring of the trans-

ient pressure in the injection section required an injection sec-

tion length of 4 cm (148 cm3 volume) to‘accommodaté‘the transducer.

e ) SR

t Comparison of this injection system with that in the Purdue motor
shows that a similar configuration was used by Zucrow, Oshorn,
et al. in their longitudinal mode studies. 1In the Purdue system

|
|
|
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the "injection section™ volume was cylindrical (1,32 cm long and
a volume of 44 cm3)°

Initially a determination of the stability limits as a func-
tion of the propellant equivalence ratio, the mean chamber
pressure, and the chamber length was made, As indicated in Fig-
ure II-5b, ¢, d these experiments determined narrow regions of
longitudinal mode oscillations located about the stoichiometric
mixture ratio., No transverse oscillations were reported. The ob-
servation of three axial acoustic modes, the fundamental and the
2nd and 3rd harmonics, was noted, A lower and upper critical cham-
ber length for each mode (inferred for the 3rd harmonic) was noted,
Examination of the transient combustion pressure records indicated
the sustained pressure waves to be predominantly low amplitude,
continuous, standing waves, This implies an in-phase (or precisely
180° out of phase - depending on axial location with respect to
the pressure nodes) oscillation of pressure at all axial positions
in the chamber with pressure antinodes located at the injector
and nozzle ends, Upon further scrutiny these pressure records
showed the low amplitude discontinuous shock waves (when supported)
to be superimposed on the sinusoidal standing wave oscillation.
The axial propagation of the shock waves occurred at the acoustic
frequency corresponding to the sustained standiné mode harmonic,
Confirmation of this point is indicated in (75) where the point
is emphasized that the excited oscillation remains essentially
the continuous acoustic standing wave oscillation, In the case
of the higher harmonics reflection of the shock waves at the ve-
locity nodes (pressure antinodes) of the standing waves was ob-
served, The amplitude of the waves increased with increasing
mean chamber pressure and combustion gas temperature with the max-
imum aimplitude supported at the stoichiometric mixture ratio.
Tsuji and Takeno report wave amplitudes of 3 to 5 psi corresponding
to mean chamber pressures of 1 to 2.5 atm (‘°17ﬁ§0,1),

A determination of the steady frequency of each mode showed
primary dependence on the chamber length and the mean combustion

temperature, The correlation of the measured periods of oscilla-
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tion at the stability limits with the appropriate equivalence

ratio for a mean combustion pressure of 2 atm is shown in Figure
Ii-5e, where the data points represent combinations of equivalence
ratio, chamber length, and mode order. Tsuji and Takeno made an
important inference on the basis of these data, They concluded
that the existence for each equivalence ratio (¢ ) of a lower
"critical® period ( Teawr ) of oscillation corresponding to the
observed lower "critical" lengths ( Lear) at each ¢ 1is indicative
of the existence of a '"critical combustion time lag." They sug-

gested that this characteristic combustion zone response time
included both a mechanical or fluid dynamic time lag and a

chemical time lag corresponding to that time necessary for

- the combustion zone to sense, respond to, and feed back energy

into the pressure wave, This total lag should be determined by
the propellant chemistry, the mean chamber pressure, and the in-
jection velocity. Support of oscillations should arise only when
the oscillation period exceeds the critical time, Further develop-
ment of this model followed a second series of optical investiga-
tions, It should be noted that the effect of the injection ve-
locity was included in their model, The primary injection ve-
locity during the experiments was estimated to be 1.2 x 104 cm/sec
inj = 0.3)

Having completed a determination of the phenomenological as-

(injection Mach number, M

pects of nonsteacy combustion in their gas rocket, Takeno then per-
formed a series of experiments designed to obtain information about
the combustion zone, These studies were directed towards establish-
ing a firm physical foundation, i.e.,, a better understanding of the
"real world" interaction of the combustion zone and the pressure
waves, upon which an analytical model could be constructed, To
this end Takeno first determined the influence on the motor sta-
bility characteristics of the injection geometry (the length of

the injection section) and the premixed propellant injection Mach
number, While lengthening the injection section from 2 to 4 cm
had no effect on the critical oscillation periods, Takeno did find
that a low amplitude oscillation of the injection section pressure
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accompanied oscillations in the combustion chamber pressure., He
observed that the frequency of this upstream oscillation was iden-
tical to that in the combustion chamber although the amplitude was
of the order of 0,2 times the chamber pressure oscillation ampli-
tude, However, in view of the insensitivity of the stability
characteristics to changes in the injection section length, Takeno
concluded that no wave amplification mechanism was associated with
the coupling of waves upstream and downstream of the primary in-
jector. A determination of the influence of the injection Mach
number was made by simply varying the hole size in the showerhead
type injectovs It is important to keep in mind that in all of
these tests the pressure drop across the injector was extremely
low and of the same order as the amplitude of the standing wave
oscillation in the c¢ombustion chamber (1 to 5 psi). An increase
of the injection Mach number from 0,29 to 0,37 had a destabilizing
influence in the sense that the regions of nonsteady burning ex-
panded and the critical oscillation period at each decreased,
Subsequent investigation of the axial distribution of the mean
temperature in the combustion zone during nonsteady burning coupled
with direct photographs of the combustion zone under steady burn-
ing conditions showed that combustion occurs through turbulent
flames surrounding each injected stream of propellant with the
peak temperature located approximately 3 to 4 cm from the injector
face. Takeno pointed out that for Minj = 0,29, f=3atm neither

the temperature maximum nor the temperature distribution were com-
parable at the fuel rich and fuel lean stability boundaries, For
example, a 400° K difference was reported between the combustion
temperatures at the fuel rich and fuel lean boundaries between
the fundamental mode and the stable combustion regime, He con-
cluded that the combustion zone temperature is not a critical in-
gredient in the coupling mechanism between combustion process and
the pressure waves.

A series of high speed Schlieren photographs of the combus-

tion zone under steady and nonsteady conditions completed the ex-

arimental work and facilitated certain fundamental conclusions

regarding the nature of the flame zone-pressure wave interaction,
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These tests were accomplished using a radically modified injection
scheme, The 20 hole short port length showerhead injector having

a total flow area of 1 cm2 (for M, = 0,.29) was replaced by a

"two-dimensional® injector machin;gjto provide injection through
four slots (0.1 cm x 5 cm) having a total flow area of 2 cm2

(Minj = 0,19), Essentially the same transient combustion pressure
waveform was observed with this design as was found in the earlier
work (a standing wave with a low amplitude superimposed propagating
pulse), The schlieren photographs revealed an oscillation of the
dense core zone of the low velocity streams of cold unburned pre-
mixed gases. This oscillation, which appeared as a periodic axial
extension and contraction of the propellant stream, was observed

to have the same frequency as the simultaneously measured transient
combustion pressure waveform but was seen to be almost precisely
180° out of phase with the pressure oscillation, Upon closer ex-
amination of the photographs Takeno observed that dark islands of
apparently unburned propellant are shed from the ends of the gas
streams during that phase of the cycle when the streams are length-
ening. Referring to this phenomenon as that of "flame tip breaking"
Takeno succeeded in correlating the visually observed disappearance
of the unburned islands after an appropriate "“ignition delay" of
one-quarter of the period of the pressure cycle with the appearance
at the injector end of the nonlinear propagating pulse, Thus he
discerned the mechanism of coupling between the turbulent flame
zones and the pressure oscillation to be a complex fluid mechan-
ical-chemical interaction, The sensitivity of the propellant in-
jection mass flux to the nonsteady chamber pressure (essentially

a linear effect) by virtue of the negligible pressure drop across
the showerhead injector produces oscillations in the propellant
injection velocity which are 180° out of phase with the pressure
fluctuations. The highly nonlinear effects of flame tip breaking
and subsequent ignition of the shed islands of unburned gas

occur after a chemical time delay or ignition lag. The propellant
chemistry and the combustion chamber environment determine the
ignition time lag. Takeno concludes that this is the important

characteristic time which must lie in the right range (3) in order
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that the heat release due to the delayed ignition be properly phased
with the standing wave pressure oscillation, According to Takeno
the nonlinear pressure pulse which on occasion assumes a shock

wave form has no effect of the standing wave oscillations per se,
The important influence is the heat release corresponding to the

delayed ignition, The pulse merely acts as a signal of that re-

lease, From the photographs and the pressure traces Takeno de-
termined that this critical time, ?¢e,r , is approximately 500  sec 3
which compares favorably with critical times discerned from the ﬁ
stability limit data Figure II-5e, ’
Takeno completed his investigations by developing (77) an
analytical model of the phenomena to provide quantitative as well
as qualitative explanation of the observed experimental results, }
The results obtained from the detailed combustion zone diagnostics
1 were used as a basis for the physical structuring of the model,
! Following Culick's approach a linearized analysis of the conserva-
tion equations of mass, momentum, and energy yields a simplified
l one-dimensional wave equation with a heat source due to chemical
reaction., The equation was developed for the case of low mean
flow Mach number such that the free stream velocity is of the

order of perturbation quantities and was written

2 | Y] I'4
Lt AN PR ,
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where ff and g’ are the perturbations in the dimensionless pres-
sure and the heat release rate, Takeno dispensed with the ob-
served highly structured flame zone and treated the simplified
: configuration shown in Figure II-6 where a uniform low Mach number
} flow of ~ombustion products at the mean combustion temperature pro-

ceeds from the injector face to the nozzle entrance, The influence

f Injector Heat source Nozzle
Zone 1 Zone I -
g U l P2 Y3 /.-.. 3
u ! u’
°| ] Y p_'| ! |82 = Y -’-':'
o=\ §-—— Xai
X0

Figure I-6. System analyzed by Takeno
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of heat release due to combustion is concentrated in a thin one-
dimensional heat source zone located at nondimensional axial po-
sition S , such that g Qg(*-)S(‘x-) The method of solution is
to obtain separately the simplified wave equation o'p ot = O™ Hxt
for the standing isentropic waves in regions I and II, The in-
jector and nozzle boundary conditions appear as arbitrary admit-
tance functions BI’,H' Y “').p' where ®' is the perturbation in
the mean flow velocity, No attempt at calculating these admit-
tance functions was made, They remain as adjustable parameters,
Two matching conditions (a jump condition on velocity u{;-d:’*%“’/b’
and a statement of pressure continuity ﬂf; = P'z) at the heat source
interface are obtained by integrating the inhomogeneous wave equa-
tlonfz—tﬂt -;—1% -a—[Qstt)S(x S’](valld in the heat source region)
across the heat source. The characteristic equation governing the
form of the complex frequency S =a+¢8 is obtained in the stand-
ard fashion, Of particular interest is the form assumecd for the
heat source function., Based on the flame zone observations Takeno
assumed that, in response to a harmonic pressure function of the
form 40'(1. t) = T(x) est aste-m). the heat release rate can be
written as }'- -Avz (o ye' 8 (x-S ), Recall that the photo-
graphs indicated that the flames oscillated in response to a fluc-
tuation in flow velocity at X=0 , The flow velocity fluctuation
appeared to be approximately 180° out of phase with the pressure
fluctuation, The term -V3 (0) accounts for this observation.
Furthermore the inurease in the heat release rate (the ignition)
was deemed to occur T msec alter the pressure minimum, 7 was
observed to be approximately one-quarter of the period of the pres-
sure oscillation, Thus the lag effect is accounted for by the fac~
tor e 3T , (A) is an arbitrary parameter termed the interaction
index., Takeno points out that the choice of g' is solely dependent
on the combustion model adopted., Appropriate expressions for a
chemical kinetic Arrhenius rate law and a velocity dependent rate
law are indicated. Numerical analysis of the final characteristic
equation allowed the amplification coefficient &X and the fre-
quency /B to be determined parametrically in terms of the location
of the heat source § , the time lag % , and the mode order n
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for arbitrary values of the injector and nozzle admittance func-
tions and the interaction index. For details of the calculations
and the results refer to (77).

In order to arrive at an acceptable correlation between theory
and experiment Takeno made several arbitrary assumptions. The in-
teraction index was set equal to 0.5. The dimensional time lag re-
quired by the analysis to compute 7% , was set equal to three-
quarters of the lower critical oscillation period %, despite the
observations detailed in (7€) that 7~ '/47‘“-1- . Significantly

the choice of 7 = '/4Texin yields very poor correlation between theory

and experiment for A = 0.5. This point was not discussed by Takeno.
Since prediction of the system stability behavior by this
analysis requires the use cf experimental data (the form of &’ , §
etc.) it would seem that a better procedure would have been to pre-
serve (A) as a single datum fit parameter and restrict 7 = '/472mr
in accordance with the experimental data. This would eliminate one
arbitrary parameter (namely 7 ) from the analysis. It should be
noted that the comparison between theory and experiment was made
for the case of finite driving due to the heat source but where
damping effects are neglected (both admittance functiocns set equal
to zero). Out of context this would seem to be an invalid pro-
cedure for determining the stability of tre hypothetical gas rocket
system since the important consideration ‘etermining the linear
stability limit must be the relative balance between the rate of
energy addition by combustion and the rate of energy removal by
dissipative processes. Justification for the technique follows from
the fact that Takeno obtained an expression for the amplification
coefficient and identified the stability limit with the (lower
length) zero of the amplification coefficient. By determining the
relative wagnitudes of the amplification coefficient for the various
modes Takeno determined which mode is the most likely to be sus-

tained for various combinations of the parameters.

F. Gas Rocket Experiment and Theory: Princeton University

It is appropriate to complete this review with an account of

previous researches at Princeton devoted to the study of longitudinal

S SRR iy

TR ™ i on ol Stk aae s a2




35

mode combustion instability in a gaseous propellant rocket motor.
While the program bears some resemblance to those at Purdue and
at the University of Tokyo the basic systems, approaches, and re-
sults can bz contrasted. As indicated in the first chapter there
has been a systematic emphasis on the deductive approach as op-
posed to the inductive one followed in the other programs. Each
phase of the work has evidenced the feedback between theory and
experiment, Qualitative and quantitative predictions have been
derived from analyses of the nonsteady combustion phenomena in
the gas rocket and have served to guide the experimental investi-
gations, 1Insight gained from the experimental observations has
been applied to the development of more realistic analytical
models, The ultimate goal has been the achievement of a realistic
description of the coupled gas phase combustion zone and pressure
wave phenomena which accurately portrays the experimental obser-
vations,

It has been noted that the gas rocket was developed at Princeton
as a research tool to allow a determination of the influence of gas
phase chemical rate processes on the phenomena of longitudinal mode
combustion instability, As indicated in the first chapter, the

i system derived from the liquid propellant rocket instability pro-
' gram where substantial success had been achieved in correlating
experimentai results by means of Crocco!s sensitive time lag model
(L, 3, 15, 18, 19), Of interest was the possibility that gas phase
chemical kinetics influences the time lag deduced from the liquid
propellant system data. Since the observations of Zucrow and Os-
born (58) demonstrated certain similarities between longitudinal
mode instability observed in gaseous and liquid rocket motors, it
was felt that the phenomena observed in the gas rocket should also
exhibit the "time lag behavior" and, furthermore, that this time
lag should naturally derive from gas phase chemical rate processes,
The initial experimental work of Pelmas (29) was designed to

TP WESEATINRNS  SXT AT

explore this thesis and to obtain fundamental information about

"' the stability characteristics of the gas rocket, The system used
by Pelmas essentially corresponds to that discussed in Chapter III,
For the CH, and oxygen-enriched air (40% 0, and 60% N,, molar basis)
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propellant system, the characteristics of longitudinal mode acoustic
instability were determined as a function of the propellant equiva-
lence ratio, the combustion chamber length, and the injector con-
figuration. The principal results of that work are indicated in
Figure II-7a, b from (29), In agreement with the Purdue work, Pelmas
observed a lower: critical chamber length limit and a failure of

the regimes of oscillation to close with increasing chamber length,
In contrast to the Purdue results with CH4+ Air where a single
region of nonsteady combustion including the stoichiometric mix-
ture ratio was observed, Pelmas found two regimes of longitudinal
mode oscillations offset symmetrically (with respect to the adi-
abatic flame temperature) from the stoichiometric mixture ratio.
The insensitivity of the stability characteristics to changes in
the chamber length (for lengths greater than the lower critical
length) was surprising. This result together with the observation
that the appearance of higher harmonic mode oscillations was pri-
marily a function of the equivalence ratio (Figure II-6b) seemed

to indicate that finite rate chemical kinetics must not influence
the time lag coupling mechanism between the combustion zone and

the pressure oscillations, It should be noted that this conclusion
followed from the consideration that the gas phase combustion pro-
cess must present a finite, pressure sensitive time lag of suf-
ficient magnitude in order for the burning rate to positively
couple with the pressure oscillations, 1In view of the experimental
results and the feeling that gas phase kinetics should present
short characteristic times compared to the oscillation periods
observed in these experiments, an alternative driving mechanism

for the oscillations was sought, Thus followed the theoretical
work of Bortzmeyer (28), and the experimental investigations of
Schob (31) and Bertrand (30) designed to examine the postulate

that the longitudinal mode acoustic oscillations are driven by

an oscillation in the rate of heat transfer to the primary in-
jector plate wherein time lag effects are produced by the inertia
of the heat transport and convection processes, A discussion by
Bowman of this model and the experimental results is found in (32),
In short, the insensitivity of the system stability characteristics
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to the theoretically predicted important heat transfer rate to
the injector led to the conclusion that this scheme was also in-
appropriate, These results and the confirmed sensitivity of the
onset of pressure oscillations to the equivalence ratio, hence
the combustion temperature, led to the speculation that the time
lag model itself was not applicable to the gaseous propellant
rocket motor, That is, if the gas phase chemistry is indeed im-
portant in the coupling of the energy release and the pressure
waves as argued qualitatively by Zucrow and Osborn (58, 60, 61, 64)
then these rate processes should respond (in a linear sense) with
no lag to the variat on in chamber pressure. Such reasoning led
Sirignano and Crocco (26, 27) to a detailed nonlinear analysis of
longitudinal mode acoustic instability for a simplified premixed
gas rocket, As noted earlier the theoretical results obtained
from that analysis served to guide the experimental work of Bowman
(32, 33) and some of the initial aspects of the present work,
Sirignano and Crocco made explicit use of the observed char-
acteristics of nonsteady combustion in the Princeton gas rocket,
The experiments of Pelmas (29) had revealed that under favorable
conditions of motor geometry and propellant equivalence ratio,
low, constant amplitude shock waves oscillate axially at fixed
frequency corresponding approximately to the acoustic frequencies
(Pelmas observed the fundamental and three higher harmonic modes
as shown in Figure II1-6b) of the combustion chamber filled with
hot products., For a simple form of the energy release rate law
the criteria for the existence of (explicity assumed) periodic
shock type waves were determined, By considering the combustion
zone to be concentrated (zero thickness) at the injector end and
the nozzle length to be short compared to the chamber length the
nonlinear one-dimensional analysis of the shock wave propagation
in the combustion chamber was uncoupled from the description of
the combustion zone energy release and the nozzle damping. These
were introduced separately to obtain the appropriate boundary con-
ditions on the perturbation in the particle velocity at the ends
of the combustion chamber, By assumption the strength of the
propagating shock wave was determined by the first order imbalance
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between the combustion zone and nozzle admittances, The nozzle
boundary condition was based on the assumption of quasisteady

flow in a short length nozzle., The approximation of fixed noz-
zle entrance Mach number was made. A simplified one dimensional
combustion zone was analyzed for the case where the ratio of the
characteristic combustion time to the wave travel time is small
(negligible)., The effect of propellant chemistry - chemical ki-
netics - was emphasized in a simple volumetric energy release

rate law wherein no time lag effects appear, For a combustion
zone length (,Q*)l which is small compared to the overall chamber
length ( U{), the energy and mass conservation equations were com-

bined and integrated over the combustion zone length to yield

/3
e M) =-§§f + 1,—' rdx [11-1]

The momentum equation was replaced by the approximation of (spacially)

uniform pressure across the short combustion zone and the above
equation was written neglecting heat transfer to the injector and
energy (ﬁy:c:np convected into the combustion zone by the unburned
gases, The equation applies for the case of constant mean burning
rate and all terms are dimensionless, For the case of small per-

turbations two expressions follow

7 = X (*r [11-2)
uz:& - a« o r‘ d.’X
p
’ - 2 odp! ¥-1 o
oy = A4 B[y -

where (1nu);=4_ represents the perturbation in the rate of energy
release or the input power to the wave at X=£ . It is of interest
to note that the authors concluded from this perturbation relation
that increasing the length of the combustion zone (e.g,;, by re-
ducing the chamber pressure) leads to larger power input to the
wave and should therefore be destabilizing. As will be shown in

1 starred ( )* quantities are dimensional, Thermodynamic
quantities are nondimensionalized by the steady state
burned gas values ( 7p¥, Po¥* ,/ﬁ) particle velocity by
the burned gas sound speed ( @ap* ), and energy release

rate by o af , Z*and g* by (¥ , and £#* by L:/o"b'
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the following paragraphs this statement is incorrect for the gas
rocket, Finally, perturbations in the energy release rate were
coupled to perturbations in temperature and pressure in a linear
fashion and the isentropic relationship was used to express per-
turbations in =* .,sure in terms of temperature perturbations. For
the case where A;:‘ca:<<1, the steady state energy release rate
term r was taken to be an appropriate mean value for the com-

bustion zone. Thus general expressions for two important param-

cters governing the wave amplitude and the waveform were determ-
ined. Sirignano and Crocco then specialized the results for the
case where the energy relcase rate is simply written as ps éEﬁ/ﬁ‘Tﬁo
They found that the stability limit criterion could be expressed

in terms of a critical value for the Arrhenius parameter

[E,* ,] - 2¥-1 at the stability limit
RET cRIT 3(7-1)
EVR* T* > 1 unstable
[E*/R*T*]cmr < 1 stable '

Furthermore the finite amplitude of the discontinuous fundamental
mode wave was found to be proportional to the parameter

A.p.u-e;r-'(ﬁ.,y) o [(y—n)RE:—T—,- 3—2_‘—']-F(&,5)

The pressure waveform was observed to take the form of a shock
discontinuity followed by an exponential decay. Thus for a choice
of E¥* and Y the theory predicts that unstable combustion will

: Y *
occur for mean combustion temperatures below a critical value Top,r o

o
eRIT

tional relationship between the mean combustion zone temperature

Thus, depending upon the critical value of T and the func-

and the equivalence ratio for a given propellant system either a
single zone of nonsteady combustion surrounding the stoichiometric
mixture ratio or two zones offset from the stoichiometric ratio are
predicted, The theory indicates that both the effect of nozzle
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damping and energy addition are directly proportional to the mean
flow Mach number ( & in this case), Thus for a fixed combustion
zone temperature the shock strength is proportiunal to the mean
flow Mach number (€~F(&> ), Alternatively for fixed Mach number
the shock strength increases monotonically with decreasing com-
bustion temperature ( € ~ E‘7h"1’).

Certain results of the analysis seemed to be in qualitative
agreement with the experimental data collected by Pelmas, Schob,
and Bertrand and by Zucrow and Osborn at Purdue, To that extent
the theory effectively provided direction to the detailed experi-
mental werk of Bowman (32)., However, before outlining the important
results of that work and the correlations with the theoretical pre-
dictions several additional comments on the Sirignano-Crocco analysis
and a simple extension of their one-dimenzional combustion zone
description are included,

With regard to the simplified combustion zone analysis and
the use of the isentropic relationship to link pressure and temper-
ature perturbations, it must be recognized that the complete analysis
represented a first attack at the description of the observed real
world nonlinearity of the longitudinal mode combustion instability
phenomena in a premixed gas rocket, (Actually the treatment of
the chamber gas dynamics is not restricted to a gas rocket system
and other combustion zone models, in principle, could be applied
provided the basic assumptions with regard to the short extent of
that zone compared to the chamber length are not violated,) For
the specific case of a gas phase flame zone the theory presents
the first systematic analysis demonstrating that nonlinear insta-
bility can be supported by a combustion zone whose characteristic
response time to pressure and temperature fluctuations is short
compared to the wave travel time, 1In view of these considerations,
and since negligible experimental information was available at the
time to facilitate a more realistic description of the combustion
zone, the simple one-dimensional treatment seemed appropriate,

It was noted earlier that the conclusions of the authors re-
garding the effects of spreading the combustion zone (increasing
L= L*/Lt but still maintaining l*/L: << ) are incorrect for
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the premixed gas rocket. Consideration of this point leads to an

interesting extension of the Sirignano-Crocco boundary condition.
Recall that the expression for the dimensionless perturbation

in the energy release rate or the power input to the wave at

can be written as

E £
Pw)' = At S rda (11-4]
J o
L dep L e : :
where the term -—‘--d—'%= P is of higher order for a
short flame zone where ¢ & dp'/dx are all small. The key point
to be demonstrated is that the remaining term I’T,Lffr'ol'x. is in

fact independent of the combustion zone length in the context of
the analysis. That this is the case can be shown by taking into
account the principles of operation of the gas rocket.

The above expression is written in dimensional terms as

¥*
(]

where the starred quantities represent dimensional quantities. :
For the simple rate law used by Sirignano and Crocco the steady

state volumetric energy release rate is
- EYRFTH(x®)
= % =
r(*y = B e [1I-6]
where the pre-exponential factor (B) is a constant. Written in this
form the rate law is temperature explicit and can be simply ex-
pressed as
— /
PEXED = FR(X*) + r¥(x* %)
where
! F¥exn » * »
Pr(xt ey = AL CED AT¥ x% p¥)
(21¢ d T ¥(x*) ’
is the perturbation in the volumetric energy release rate due to
a temperature perturbation, AT (x¥ £%*)
whence
£* YR T

R* T¥(x*)&

Yt = [Texs e - T

Since T*(’K’: +*) = T™x*) +AT1X:‘{:*}the expression for the dimen-




&

43

sional perturbation in the volumetric energy release rate becomes

E¥

» Ll — e ¥ ﬁtl)
L L mtm[ Trahth ] (11-7]
Pt R Tlam © T *(x*) 1

It is convenient to replace T “(X*) by an appropriate mean value
in the combustion zone (following the authors), An appropriate
space mean definition of F¥%(x*) is indicated by Bowman (32) and

is simply
Er a* E*
T R Tmeen _ 1 ol T e
e LIS = 7 e R*T¥(x 1&1—*

For a linear profile in temperature (with axial position) the spacial
average becomes a simple average over the temperature profile, For
the propellant systems of interest and for the above simple rate law
(where the maximum rate is achieved at 7%= T:' rather than at some
lower temperature) the ratio ?:.QA/T: = (0,90 to 0,95) accord-
ing to Bowman (32). A reasonable approximation for our purposes

here is simply to set TS Tb* = adiabatic flame temperature,

mean
Thus in terms of mean values

* ! " "‘F"FW
rT = ——,e‘-['r—1J

R* T,
and o*
GP*“L*)' ~ U;\ r*ch,L%-
! - * =
o B T ) ) e

The key point is simply that
J‘Z" -EVR"TJ
e

I\

dx* =L%e for Bt g (11-9]

o

where m.Y%  is the total mass £lux® of combustible in gms [em? sec

In general, rmror®* should be interpreted as the mean mass
flux (per unit area) of propellant,

i
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which by suitable injection design (choked flow) can be maintained
constant and independent of the pressure oscillations, g*

is the heat of combustion of the fuel in “;:‘ , Wi is the
constant mass fraction of fuel in the total mass flow rate of pro-
pellant, and A = 1 for fuel lean mixtures or A= é for fuel
rich initial mixtures ( é is the equivalence ratio; $>1 Ze ox-

rich).
Thus the dimensional power input to the wave by combustion be-

comes

* S
(p*u*)'N y-1 E Co (To-Tu) ¥ ¥/ _cal  [11-10]
¥ R'T, ey TOT ' )emt sec

Expressing the perturbation in temperature in terms of the pressure

perturbation by the factor 7 (7= I—% in the Sirignano-Crocco

analysis) .
v/ _ *
T = 7 f;??— To

which for isentropic coupling is

T*’ — .tl MW': -10*, — _ﬁ-—*l
¥ p'R® Ca P
The power input becomes
* wy! ¥-1 E* T | = o
Py~ T e [T U P R

where .

. * - *

Myoy = /ob Uy
In terms of dimensionless quantities used by Sirignano and Crocco
(both sides of II-11 are divided by fou‘a))

' D"" E¥ _T ) -
)~ ﬁ*r.:‘[' %]Mb'f’ S

The term (l- T“'/Tb) shows the influence of the propellant heat of
combustion., For larger Z" , that is, higher 7.¥% , (1- T“/Tb)
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increases, For the provellant systems discussed in this ieport the
dominant factor is the ratio E'/’-é*Tb* o Expressions 7TII-11,12 and 13
demonstrate quite clearly the importance of the A-rhenius factor
E;/h’T: and the total propetlant mass flux, n"),:, , or, alter-
natively, the linear velocity of the burned gases ( Zl:') at the

! end of the combustion zone in determining the coupling hetween ]
perturbations in the thermodynamic variables and the compustion I

| zone response, For a gas phase combustion zone wherezin the in-

f stantaneous energy release rate follows a simplified Arrhenirs
type law the power input to the wave in response to a fluctuation
in temperature and pressure will be larger at lower combustion

i temperature and higher mean propellant burning rate (which must
be proportional to the mean mass flux). The effect of the length
of the combustion zone disappears since the power input depends on
the integrated effect of energy release at the end of the short
zone,

M. is the Mach number of the burned gases at x =£" and thus
serves as a measure of the "level" of combustion in the premixed |
gas rocket, For the adiabatic system and a quasi-steady, short noz-
zle the mean combustion chamber Mach number also serves as a meas-
ure of the power removed form the wave due to convection through
the nozzle., That is, for the gas rocket case of low mean flow
Mach number,

u_-_-{Z-f-u.'=Mb+u.'
P = L+ p
a = 1+ a'

pu = pa e’ = My +oun)

Pw' = '+ My p’
For the short nozzle, at the nozzle entrance

/

U, = Ma,

S ——

(o>, = m(a'+p')y

Mn=Mb=M




46
and a'= &1L ' for isentropic waves at nozzle.
2y
Thus,
! _ b"’i !
(Pu-dn 2y M Pn

represents the power removed from the wave at the nozzle. The
difference between the power input by the combustion zone and re-
moved by the nozzle serves as a measure of the rate of energy in-

put to the wave and for a given 'P' is simply,
[ Y fad N _
A(-PU-) - |: R'T’ (| — = _g_b'—] M P [II-13]

As Sirignano and Crocco pointed out this difference serves as a
measure of the wave amplitude in the case of nonlinear oscillations.
From this relationship which can be compared to that derived by
Sirignano and Crocco for the amplitude parameter € l, the im-
portance -~f the Arrhenius factor E/ﬁ’ To'and the Mach number of
the burned gases in determining the net power input to the waves

is again apparent. The appearance of the factor ( |—T“A-b) which
did not appear in the expression for € indicates that an increase
in the ratio of the unburned to burned gas temperature should de-
crease the rate of energy addition to the waves for a given per-
turbation in pressure and thus be stabilizing. This prediction
originally appeared as a result of the analytical work presented

in Chapter V. Thls term in fact arises due to the heat of com-
bustion term 9 =

=1 (T -TZ). The influence of hlgher * jis manifest
in an increase in this factor. Clearly the factor "VR*Tb
dominates.

An important consequence of II-13 is that the net power input
to the waves is linearly dependent on the mean chamber Mach number
originally shown by Sirignano and Crocco. However, the statement
is correct for the premixed gas rocket only in the limited sense

that the mean chamber Mach number serves as a dimensionless meas-

lSirign.ano and Crocco obtained the amplitude parameter (for the
simplified Arrhenius rate law) as

[
¢ - [uofn -2t

e ™.
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sure of the mean propellant burning rate. This point will be dis-
cussed further when Bowman's results are considered.

From the standpoint of combustion modeling for the gas rocket,
the preceding discussion has bearing on the analysis performed by

Culick (79) and discussed earlier. Culick preserved the exponential

dependence of the mean rate of reaction on the mean temperature in

{

! the Arrhenius factor. He was led to conclude that the exponential

| factor dominated the linear term E"/ﬁ'Tb" (see page 25 ). The
point is simply that for the gas rocket having a short combustion
zone length compared to the chamber lengthl the appropriate "com-
bustion zone" averaging is a spacial or volumetric one over the
axial reaction coordinate. Such averaging will always result in

the simple step
* . W
[P Eramdnt ~ P T g (11-14]
o

and, following the preceding developments, in a simplified expres-

sion for the "driving" terms of the form II-10,11,12,13 where the

linear term in the Arrhenius factor prevails. '
The Sirignano-Crocco theory served to guide much of the ex- |

tensive experimental investigation of the gas rocket stability

characteristics completed by Bowman (32). Basically the work

represents a detailed description of the stability limits, the

wave amplitude, and the waveform of the pressure oscillations as a

function of the equivalence ratio (or combustion zone temperature),

the combustion chamber and nozzle geometries, the injector con-

figuration, the mean chamber pressure, and the mean flow Mach num-

‘ ber. Wwhile certain qualitative agreements between theory and ex-

periment were encouraging, Bowman observed significant quantitative

_ and the qualitative discrepancies among the theory, thc accumulated

| experimental data, and published kinetics data. Most of these were

1 The "length" of the combustion zone for the high pressure

(1 to 20 atm) premixed gas rocket is observed ( (32), (76),
and the present report) to be of the order of 1 to 3 cm.
The ratio of £¥*/L® is thus primarily dependent on L /*
and always small for sustained longitudinal mode oscil-

| lations.

e
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attributed to the simplifications in the theoretical model neces-
sitated by a virtually complete lack of experimental information
about the structure of the combustion zone. Thus the experimental
work of Bowman and his systematic evaluation of the data in light
of the predictions of the Sirignano-Crocco theory provide the im-
mediate background for the present work. It should be noted that
some of the qualitative reasoning offered by Bowman in connection
with comparisons between theory and experiment is incomplete or
iraccurate in light of the experience and knowledge gained in the
course of the present work. Indeed, one of the objectives of this
work is to "set the record straight" regarding the observed phenom-
ena of nonsteady combustion in the premixed gas rocket. It would
be premature to begin that task at this point. Detailed discus-
sion towards that end is reserved for Chapters IV-VI.

Using essentially the same system as that studied by Pelmas,
Bowman defined the longitudinal mode stability characteristics for
the H2/02/N2 system. Of particular significance is the fact that
all of the H2
primary injection of the premixed propellant into the combustion

+ Alir data wereobtained under the condition of choked

chamber. In contrast to the system of Tsuji and Takeno (and ap-
parently that of the Purdue investigators), the propellant mass
injection flux was positively decoupled from the transient down-
stream combustion chamber conditions.1 Each datum point was se-
cured under the conditions of constant mass injection flux (al-
though important but unrepoirted systematic variations in this
total flux often occurred from point to point).

For the H2
limits as a function of the propellant equivalence ratio, the

+ Air system Bowman defined che system stability

chamber length, and the mean chamber pressure. Subsequently ex-
periments were carried out to determine the effects (of the in-
jector and nozzle cecnfiguration) on the location of the stability
limits. As Pelmas had reported earlier (29) Bowman observed two
distinct regimes in the equivalence ratio, ﬁ, chamber length, L¢,

lA complete description of the gas rocket system is given in
Chapter III.
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plane of longitudinal mode instability each offset from the stoi-
chiometric mixture ratio such that the (lower) stability limits
(closest to Q = 1) are characterized by mixtures having ap-
proximately the same adiabatic flame temperature, The majority

of the measurements were confined to equivalence ratios greater
than one in view of the very narrow regime of nonsteady combustion
for § < 1. The typical pattern of observed limits for § > 1

are indicated in Figure II-9a, Essentially the same dependence
of the stability limits on ¢ and L, was observed for a variety
of multiholed showerhead and impinging injectors and for 3 dif-
ferent nozzle geometries. Bowman ncted that as the number of in-
jection ports increased (for the same total flow area) the sta-
bility limits shift to lower combustion temperatures. The singu-
lar behavior of the system with an unchoked low pressure drop
porous plug injector was noted. Despite the fact that such an
injector was expected to provide a nearly one-dimensional flame
zone (as assumed in the Sirignano-Crocco theory) no regimes of
combustion instability were observed over the entire operating |
range of equivalence ratio, chamber length, and ch.mber pressure.

For chamber lengths below 50 cm instability in the form of
a single low amplitude shock wave followed by a steep decay of
pressure and propagating at approximately the frequency correspond-

e e

ing to the longitudinal acoustic mode of the chamber filled with
. hot products was observed as shown in Figure 1I-8, As the equiv-
alence ratio was traversed across the regime of nonsteady combus-
tion the dimensionless shock strength was observed to increase
rapidly near the lower stability boundary, to maximize, and
eventually to decrease slowly for further increase in the equiva-
f lence ratio (see Figure II-lO).1 As indicated in Figure II-10
larger amplitude shock waves were supported at higher mean cham-

‘E ber pressures, longer chamber lengths, and higher mean chamber

{ 1 During the course of the experimental work discussed
in this present work low amplitude propagating con-
tinuous waves have been observed near the stability
limits, In no case have low amplitude standing waves
been observed as reported in the work of Tsuji and
Takeno,

T

-
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Mach number.l For sufficiently long chambers Bowman observed the
systematic appearance of higher "harmonic" modes, The term "har-
monic" is adapted from the terminology of acoustics to indicate
the phenomenon of the simultaneous appearance of 2 or 3 finite

amplitude shock waves each propagating axially at approximately |
the frequency corresponding to the longitudinal acoustic mode of
the combustion chamber, As indicated in Figure II-8 the apparent
frequencies presented by such harmonic mode phenomena and sensed
by transient pressure transducers situated at various axial lo-
cations in the combustion chamber correspond to the second or
third harmonics of the fundamental acoustic mode, As indicated in
Figure II-9a, Bowman observed the regimes of higher harmonics (a
better term for the Princeton gas rocket phenomencn is "multiple
shock propagation") to appear with increasing order as the cham-
ber length or mean chamber pressure is increased or the equiva-
lence ratio decreased toward the lower stability limit,

Bowman also performed a series of experiments designed to
test the theoretically predicted importance of the Arrhenius
parameter, E"/R* Tb*. In this regard it should be recalled that
the Sirignano-Crocco theory indicated that the stability limit

T

for a given propellant system should be characterized by a fixed
critical value of the Arrhenius parameter (E‘/ﬁ‘r:)cm.f Results _
obtained by Sawyer (128) with an adiabatic flow reactor indicate 1
that the one-step activation energy of the Hz/'o2 reaction is a ’
constant independent of N, concentration over the range of equiv- 1
lence ratios relevant to the gas rocket studies., By adding con-
trolled amounts of N2 to the H2 + Air system and thereby depress-
ing the profile of mean combustion temperature versus equivalence H
ratio, Bowman experimentally confirmed the theoretically predicted

shift of the stability limit toward the stoichiometric ratio (to

1 These results will be discussed in Chapter V and VI,
For the moment note that the substantial importance
of increases in the total mean mass burning rate
which accompanied increases in e, Le¢ , M was not
recognized by Bowman in the original discussion of
these data,
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maintain TJ:ﬁ' = 7'* ) with increasing diluent concentration,

CRIT

These results are sho;n in Figure II-9b, The experimentally meas-
ured temperatures at the stability limits were observed to be con-
stant within the allowable experimental error. A similar experi-
ment was carried out using the CH4/02/N2 system with similar re-
sults, For the CH4 + Air system a single regime of nonsteady com-
bustion located around the stoichiometric mixture ratio was ob-
served at lower chamber lengths in agreement with the results of
Zucrow and Osborn.

With regard to the numerical results derived from the Sirig-

nano-Crocco analysis it is noted from estimates of the magnitude

of E*/R*T?,, that one would predict for H, or CH, + Air sys-

tems unstable combustion at all equivalence ratios, Recall that
* =

the theory expressed E /ﬁ’T:-.w = SL(K’l‘ . For ¥ = 1,25 and

activation energies commensurate with those reported for H2/02

(or hydrocarbon,/oz) systems, i.e., 30 to 60 kcal/mole, estimates
of 'T:;,T fall in the range of 2700°K to 5500°K, That is, critical
temperatures are predicted to be in excess of the maximum theoreti-
cal adiabatic combustion temperatures (012400°K)) for these sys-
tems, In view of this quantitative discrepancy Bowman advanced
several qualitative arguments based on physical reasoning and a
comparison of theory, experiment, and kinetics data,l The acti-
vation energies derived from the Sirignano-Crocco limit criterion
and measured combustion zone temperatures at the stability limits
seemed to be about one half the selected published values, It

was reasoned that perhaps a simple turbulent flame combustion zone
rate law wherein the Arrhenius factor appears as g~ E%R*T* Lould
be a more appropriate expression to use in the analysis, Indeed,
this factcr of two argument provided part of the motivation for
Crocco's initial approach to the model developed in the present
work,

1 The arguments presented by Bowman must be viewed with some
caution, They are in part based on results obtained from
an experiment with the CO/'OZ/NZ/H2 system. These results

were not repeatable., Furthermore the adiabatic flame temp-
eratures for the CO/Air reaction used to estimate 7::"_ in

the numerical calculations based on those results are low
by some 35% due to a programming error.,
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Chapter Il1I: The Princeton Gas Rocket

As noted in the first two chapters the past years have
encompassed an extensive program at Princeton of experimental
regsearch devoted to increasing our understanding of the ccntri-
bution of gas phase rate processes to tiLe complex phenomenon
of nonsteady combustion in a rocket motor. This effort has re-~
sulted in the development and refinement of the gaseous propel-
lant rocket motor or "gas rocket" as the principal research
tool. As such it is important that a general description of
the basic components and subsystems of the gas rocket be in-
cluded at this point. Discussions of the apparatus pertinent
to earlier researches are to be found in (29, 30, 31, 32).
Because of the nature of this present research program it was
necessary to make substantial modifications and additions with-
in each subsystem. This chapter will not attempt to describe
the specialized configurations of hardware and diagnostic equip-
ment utilized in the various researches discussed in this re-
port. Such comments will be reserved for Chapter IV at which
time detailed discussion of the experiments and techniques will
be entertained.

Essentially the gas rocket system consists of three inte-
grated subsystems: the rocket motor, the propellant flow con-
trol and metering system, and the system of diagnostic equip-
ment providing the capability of monitoring and recording steady
state and transient phenomena. Conceptuzlly the system was
originally designed to simulate on a reduced scale a conven-
tional rocket motor employing gaseous propellants. To this end
the parameters found to be of significance in influencing longi-
tudinal mode nonsteady combustion characteristics of large scale
practical motors can be easily controlled and monitored in the
gas rocket system. These variables include: geometric para-
meters - chamber length, injector and nozzle configuration; pro-
pellant parameters - chemical composition of fuel and oxidizer,
mixture ratio; system parameters - total propellant mass flow
rate, mean chamber pressure, mean chamber Mach number.
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A. The Rocket Motor

The original rocket motor subsystem has five integral
components including the impinging injector and associated
manifolding, the mixing chamber, the primary injector, the
combustion chamber, and the nozzle. A schematic of the basic
system is shown in Figure III-1 and a photograph of the motor
appears in Figure III-2.

A.1l The Impinging Inijector

Initial mixing of the principal components of fuel and
oxidizer is accomplished by passage through the impinging in-
jector secured to the upstream end of the mixing chamber. The
injector manifolding provides four pairs of like-on-unlike in-
jection ports. Essentially this component has remained un-
changed throughout the course of gas rocket experimentation.

A.2 The Mixing Chamber

After initial mixing the principal components of fuel and
oxidizer pass through the mixing chamber where final mixing is
achieved by passage through a packed bed of stainless steel
balls. The admission of a third gas to the system is provided
for by a radial inlet just downstream of the impinging injec-
tor face. Bowman (32) determined the degree of mixture homo-
geneity following propellant flow through the mixing chamber.
Chromatographic analysis of gas samples taken downstream of the
mixing chamber for several different mixtures of fuel and oxi-
dizer indicated satisfactory mixing of the propellants. It
should be noted that the assumption of completely mixed propel-
lants prior to combustion is implicit in the expecimental and
analytical work discussed in this report.

Ideally the mixing chamber is isolated from processes oc-
curring downstream in the combustion chamber by suitable choice
of the primary injector. The presence of high pressure, low
velocity, premixed propellant gases in the mixing chamber dur-
ing operation admits the possibility of combustion occurring
in the mixing chamber via "flashback" of the combustion through
or around the injection plate or due to spontaneous ignition

arising from heat transfer through the hot primary injector.
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Either circumstance is undesirable and can produce substan-
tial damage to the mixing chamber. To limit the extent of
damage due to combustion in the mixing chamber a rapid re-
sponse "safety circuit" (see Webb and Knauer (83)) was in-
corporated in the system. Radiation emitted from the com-
busting propellants is sensed through plexiglass windows by two
photocells mounted at 90 degrees to the mixing chamber axis.
The electrical output signal from the photocells activates a
solenoid which bootstraps to a pressure actuated valve in the
oxidizer flow line and produces shutdown of the oxidizer flow.
Subsequent shutdown of the remaining propellant flow(s) is
accomplished manually. A schematic of the safety circuit is
shown in Figure III-3. A secondary backup safety device, a
high pressure burst disk, is also fitted to the mixing chamber.
Provision is made for monitoring the steady-state static
pressure in the mixing chamber through a pressure tap installed
at approximately 3 cm from the downstream end of the section.
In the course of the present work a second tap was added at
the same axial position at 90 degrees from the pressure tap to
allow for monitoring of the static temperature of gases in the
mixing chamber. In addition, the mixing chamber section was
modified to allow installation of a pressure transducer to
record the transient static pressure in the mixing chamber.

A.3 The Primary Injector

Admission of completely mixed gases from the mixing chamber
into the combustion chamber is accomplished by fitting a pri-
mary injector into the downstream end of the mixing chamber.

An O-ring seal between the mixing chamber and the injector pro-
vides a positive seal against leakage of propellants around the
injector. Injectors used in conjunction with the windowed cham-
ber sections will be discussed in Cnapter IV. For all experi-
ments other than those involving optical investigations of the

combustion zone the primary injector configuration is basically
that of a circular metal disk 0.635 to 0.685 cm in thickness.
In the course of the experimental program a variety of injection
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configurations has been employed. Three basic subgroups can

be distinguished: the porous plug; the multiholed showerhead,

and; the multiholed impinging injector. Only the porous plug

and the multiholed showerhead injectors have Leen used in the

present investigations. Typical representatives of these in-

jectors are shown in Figure III-4.

The porous plug injectors are machined from sintered cieel

plates and have a mean pore size of five microns. Porous plug i
injectors introduce a low pressure drop between the mixing and

combustion chamhers at total mass flow rates characteristic

of gas rocket operation. Hence, they do not provide for com-

plete isolation of the upstream flow conditions from phenomena

occurring in the combustion chamber. Despite this limitation

it was originally felt that the plugs should provide for nearly

one dimensional injection of propellant into the combustion

chamber. Thus an experimental approximation to the analytical-

ly tractable one dimensional combustion zone should be effected. \
Unfortunately, this condition is not realized in practice. The |
porous plugs have substantial radial deviations in porosity re-

sulting in localized regions of mass flow concentration which

vary in size and location from one plug to the next. Indica-

tion of this characteristic is seen in the nonuniform darkening

and erosion of the plug surface which results from oxidation

by the hot combustion chamber gases. Confirmation of the non-

uniformity of porosity was obtained when radial velocity pro-

files (cold nitrogen flow) were scanned using a hot wire probe.

In spite of these properties self-consistent repeatable data

have been obtained when porous plug injectors are used.

The multiholed shhowerhead injectors are machined from copper
bar stock and typically have a symmetrical array of small injec-
tion ports machined perpendicular to the injector face. By
countersinking the upstream side of the orifices it is expected
that the discharge coefficient of each port will approach unity.
Calculations based on one-dimensional isentropic flow through

the showerhead injectors using experimentally measured static

PTG TP Sy L. Silsdacibi " L e s SR L



0.035" DIA.

}
A 0.25"

——1.75"

SCHEMATIC OF I0-HOLE SHOWERHEAD INJECTOR

' Inches
| 2 ) 6

,fJIlJlllllll-Tllllilll\lll\l

SHOWERHEAD INJECTORS

FIGURE III- 4

4
3
|




S

e e —
WA e —

63

temperutures and pressures in the mixing and combustion cham-
bers (under cold flow conditions) indicate that the assumption
of unity discharge coefficient is acceptable. The showerhead
injectors can provide for isolation of propellant flow rate
from transient combustion chamber phenomena by suitable choice
of injector port size and the number of ports, that is the
total flow area. By providing for direct choked injection of
propellants into the combustion chamber the capability exists
of decoupling the mass injection rate and transient combustion
chamber phenomena associated with nonsteady combustion. Most
of the experimental results presented in (32) were obtained
under conditions of choked flow showerhead injection. 1Injec-
tors having approximately the same total flow area and differ-
ing in the number (10, 31, 49), port diameter (0.094 to 0.035
cm), and distribution of injection ports were employed. The
type of injector and relevant injection parameters are discussed
in Chapter IV in connection with detailed discussions of the

experiments.

A.4 The Combustion Chamber

The combustion chamber is a variable length (from 10 to
200 cm) composite of individual cylindrical copper sections
each 12.5 cm in length and having an inside diameter of 3.8
cm and wall thickness of 1.9 cm. The generally high aspect
ratio of the combustion chamber for all but the shortest cham-
ber lengths serves to inhibit the appearance of radial and
transverse modes of pressure oscillation. Each section is
fitted with a stainless steel liner of 0.080 cm thickness to
reduce heat losses. For short periods of operation (steady-
state operation of less than 30 seconds) the structural in-
tegrity of the combustion chamber is insured by virtue of the
high thermal capacity of the copper walls. Spray cooling of
the external surfaces of the chamber with water facilitates
extended operating periods. Several chamber sections have
been modified to accomodate transient pressure transducers,
ignition spark plugs, steady-state pressure taps, and statically
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mounted thermocouples. One chamber section was modified to
allow placement of the nozzle at 90 degrees to the axis of

the combustion chamber when using the axially traversing thermo-
couple probe. The chamber sections especially designed for op-
tical studies of the combustion zone are discussed in Chapter
Iv.

A.5 The Exhaust Nozzle

The exhaust nozzle is fitted at the downstream end of thc
variable length combustion chamber. Three different nozzles
have been used in earlier research efforts including two water-
cooled, converging-diverging nozzles having identical conver-
gence angles but differing in throat area, and an uncooled four
hole tungsten nozzle shown in Figure III-5. All experiments in
this report were performed with the tungsten "plug" nozzle., It
should be noted that the tungsten nozzle approximates in total
flow area the smaller throat area converging-diverging nozzle
and is designed to provide choked exhaust flow to the atmosphere.
The nozzle presents an effective contraction ratio (total cham-
ber cross sectional area/total area of the nozzle ports) of 46
to the combustion chamber gases and provides a physical approxi-
mation to the analytical assumption of a short or zero length
nozzle boundary condition. A discussion of the influence of
the nozzle geometry and the related mean chamber Mach number
(controlled in a one-dimensional sense by the chokes nozzle
contraction ratio) on the motor stability characteristics is
presented by Bowman (32).

B. Propellant Flow Control System

The propellant flow control system provides the capability
of simultaneously regulating, monitoring, and recording the mass
flow rate to the rocket motor of four different gases. A
schematic of the flow control system is shown in Figure Il1I-6,
and a photograph of the system control panel is shown in Figure
III-7. Essentially the four systems are identical with final
mixture homogeneity being attained upon admission of the gases

to the mixing chamber.
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With the exception of nitrogen and air obtained from in-
house high pressure storage banks all gases were stored at am-
bient temperature in bottled sources. The system does not pro-
vide the capability of utilizing vaporized propellants which
condense at ambient temperature although in principle this is
feasible. An auxiliary heat exchanger was added to the oxidizer
system to allow the temperature of the unburned propellants to
be controlled prior to injection into the combustion chamber.
This addition is discussed more completely in Chapter 1IV.

Gas mass flow rates are controlled manually through the
action of control-pressure (nitrogen) actuated Grove dome
regulators. In each gas system the regulator allows the gas
pressure to be controlled upstream of a calibrated critical flow
orifice. For specific details of the calibration procedure for
these orifices see(32). A range of calibrated orifices is avail-
able including a series of micro-orifices machined in the course
of the present work to provide a fine control capability on gases
(hydrogen and methane) used as additives in the series of ex-
periments in which carbon monoxide served as the fuel. A nitro-
gen purge system allows all gas lines to be flushed with nitro-
gen following operation of the system.

During operation of the system the stagnation pressures of
the propellants upstream of the critical flow orifices are
monitored visually on the bank of high pressure Bourdon tube
gages at the control panel. The outputs of temperature compen-
sated Statham (pg-731) strain gage pressure transducers and un-
shielded copper-constantan thermocouples upstream of each ori-
fice are recorded on Leeds and Northrup and Bristol recording
potentionmeters. From these recorded outputs the mass flow rate
of each gas is accurately registered for subsequent analysis.
The static gas pressure downstream of each orifice is also
monitored at the control panel to insure choked operation of
the critical flow orifices.

As noted in section A.2 the oxidizer line is equipped
with a pressure actuated valve to terminate the flow of oxidizer
to the mixing chamber in the event of combustion occurring in

the mixing chamber.
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C. Basic Instrumentation and Diagnostic Equipment

The basic instrumentation and diagnostic equipment pro-
vides the capability of monitoring and recording steady state
and transient static pressure in the combustion chamber and
steady-state static pressure in the mixing chamber. The mix-
ing chamber was modified to allow the temperature and the
trancient static pressure of the unburned gases in the mixing
chamber to be recorded. One combustion chamber section was
previously modified to allow placement of thermocouples at
various axial and radial locations in the combustion chamber.

Steady-state static pressure of gases in the combustion
chamber is sensed through a pressure tap in the chamber wall
located approximately 8 cm from the injector face by a high
pressure Bourdon tube gage mounted at the control panel. The
output signal from a Flader PSHD pressure transducer senses
the combustion pressure and is recorded on a Leeds and North-
rup recording potentioweter. The steady-state static pressure
of gases in the mixing chamber is also displayed on a control
panel gage. Frequency and amplitude characteristics of the
transient static combustion chamber pressure can be sensed at
several axial locations in the combustion chamber by high fre-
quency Dynisco PT49CF pressure transducers. These transducers
are temperature compensated, water-cooled, resistance-bonded
strain gage devices each having a diaphragm diameter of 1.75 cm
and are mounted flush with the inner wall of the combustion
chamber. A Dynisco transducer also serves to sense the trans-
ient static pressure of gases in the mixing chamber. The out-
puts from the Dynisco transducers are amplified by Jones-Porter
(model 12AC) decade amplifiers and recorded on a 7 track FM
carrier magnetic tape recorder-Ampex model S3561. For compari-
son purposes including a determination of the inherent noise
level of the tape deck system, several experiments were per-
formed in which the Dynisco signals were recorded on the Honey-
well Model 7600 7 track magnetic tape recorder.

The temperature of the unburned premixed gases is monitored
by an unshielded copper constantan thermocouple positioned




o — T e T T Y TR T PRy Y * - 'vw“
S w e
v s

70

approximately 2 cm upstream of the primary injector. Provision
is made for recording the gas temperature at various axial and
radial positions in the combustion chamber. This was original-
ly accomplished by mounting unshielded Pt-Ptl0%Rh and Pt-Ptl3%Rh
thermocouples through ports located in the chamber wall. Sub-
sequently an axially traversing thermocouple probe system em-
ploying Pt6%Rh - Pt30%Rh thermocouples was designed to facilitate
the measurement of continuous temperature profiles in the com-
bustion chamber. Both uncooled and water-cooled probes were
emp.oyed. All thermocouple outputs were referenced to 273.2 °x
and recorded on Leeds and Northrup recording potentiometers.

A complete discussion of the thermocouple systems and measure-
ments is to be found in Chapter IV.

Optical observations of the combustion zone were facili-
tated by the design of two windowed chamber sections. A dis-
cussion of the schlieren and direct photographic systems and
associated combustion chamber designs is reserved for Chapter
Iv. |

Comments on the operation of the system, experimental
techniques, and data reduction appear together with the dis-
cussion of each particular experimental investigation in Chap- 3
ter IV.

S

D. Instrumentation Calibration

As noted, the critical flow orifices utilized in these
experiments were calibrated using a standard water displace--
i ment :echnique described by Bowman (32). A recheck of all J
calibrations was performed at the time of the initial calibra- A
tion of the new microorifices. Agreement with previous cali-
bration curves was found to be within 1% over the range of
flow rates employed. Because of the minute size of the small
E | orifices a periodic check of their calibration curves was in-
] stituted. Essentially nc change was observed in their cali-
‘ i brations over the period of use.
1 All pressure gages and transducers were periodically cali-
brated using a static dead weight tester. The Dynisco pressure

transducers were examined for response and rise time at several
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bridge excitation voltages by standard shock tube tests. The
transducers used in these experiments evidence rise times on
the order of 1 - 2 -10-S seconds for incident shock amplitudes
of approximately 10 psia. The measured sensitivity and fre-
quency response of the transducers (32,84), indicates constant
sensitivity over the range of operating pressure with the slope
directly proportional to the bridge excitation voltage and a
flat output to within 10% from 20 Hz to 6kHz with a natural
resonant frequency at 25 to 30 kHz. The maximum peak to peak
amplitudes and frequencies of transient pressure phenomena en-
countered in the experimental program are of the order of 10
psi and 1000 cps. Hence, the Dynisco transducers are satis-
factory for determining amplitude, frequency, and wave shape
of longitudinal instabilities produced in the gas rocket sys-
tem, In the course of experimentation an improvement in Dynisco
signal to system noise ratio was achieved by operat+ing the
transducers at 15 volts bridge excitation rather than at the
rated 10 volts.

Calibrations of the Pt6%Rh-Pt30%Rh thermocouples used in
the axial temperature profile measurements were supplied by
the manufacturers. Standard published calibrations were used

for all other thermocouple outputs.

E. Propellant Gases

The gaseous reactants and diluents used in the present ex-
periments are summarized in Table I. The gases were stored at
room temperature and were used without purification. Premixing
of fuels was accomplished through the propellant flow control

system,

F. Experimental Procedure

As noted in the preceding paragraphs, the basic gas rocket
system was designed so as to facilitate the rapid accumulation
of data on the longitudinal mode stability characteristics of
several different propellant systems over a wide range of
equivalence ratios, geometric configurations, and mean thermo-
dynamic conditions. Because of the relative simplicity of the
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Table I: Propellant Gases and Composition

Principal Components Supplier Grade Typical Composition
(Vol %)
Air In House N, 78
Compressor O2 20.8
Ar 0.93
CO2 660 ppm
oxygen Air Products Extra Dry 0, 99.5
Ar 0.45
N, 0.05
Dew

Point -76°F

Nitrogen Air Reduction | Liquid N, 99.8
07 0.2
Dew

point -76°F

Hydrogen General Electro- H2 99.8
Dynamics lytic 0, 0.2 '
i |
Methane Matheson cp CH4 99.05
C2H6 0.12
CO2 0.20
N, 0.60
C3H8 0.03
[ Commercial CH, 93.63
C2H6 3.58
‘ C3Hg 1.02
r
co, 0.70
N2 0.47
HC 0.60
i
- Carbon Matheson cp co 99.5
Monoxide o, 950 ppm
' co, 700 ppm
] Ar 50 ppm
CH4 43 ppm
HC 30 pPpm
Fe(Co)5 None Qdet.

H20 l to 150

| ppm *

T TR TP

! * The H,.O content of the CP grade CO was supplied
‘ accoraing to our specifications.
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system and the ease with which stability testing could be
carried out, the results of these experiments are numerous
and repeatable. The capability of exerting a fine control
on the propellant equivalence ratio and the total mass flow
allows a high degree of accuracy in determining the precise
location of the onset of nonsteady burning-the stability limit-
as well as the nonlinear instability characteristics of the
system,

While the complexity of the system and of the diagnostic
techniques employed increased considerably in the course of
the present work, the data remain fundamentally repeatable
and systematic. Irrespective of the diagnostics involved the
basic operational procedure of the gas rocket system has re-
mained unchanged. A typical experiment designed to obtain in-
stability data would proceed as follows: Initially a deter-
mination of the desired mean values of the experimental vari-
ables is made. Having determined the appropriate geometric
parameters a calculation is made of the mass flow rate of each
propellant required to achieve the desired equivalence ratio
and mean chamber pressure (see Section III.G). The mass flow
determinations fix the stagnation pressures which must be main-
tained in the propellant systems upstream of the critical flow
orifices during the data acquisition portion of the experiment.
Immediately prior to each experiment the gas rocket system is
sealed and checked for leaks by pressurizing the motor with
Ny
sures in each propellant line noted at the control panel gages,
the experiment is initiated by presetting a flow of oxidizer

diluent. With the desired final upstream stagnation pres-

and diluent, energizing the spark igniter, and gradually in-
creasing the fuel flow rate until ignition occurs. By main-
taining a moderate flow rate of oxidizer and diluent during the
ignition sequence, the tendency of the combustion to flashback
through the primary injector is suppressed. The ignition at
reduced tctal mass flow rate eliminates the possibility of a
damaging explosive or "hard" ignition transient and facilitates
ignition in cases where the desired final equivalence ratio is

il
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beyond the system ignition limits (yet within the system
flammability limits). Following ignition the spark is ex-
tinguished and the propellant flow rates smoothly increased

to the desired final magnitudes. Generally 5 to 10 seconds
are allowed for the suppression of starting transients and

for the system to achieve steady mean conditions (mass flow
rate and chamber pressure). Data are recorded during the
ensuing 10 to 20 second interval. During this phase the
Dynisco outputs of transient combustion pressure at one or
more axial locations in the combustion chamber are recorded

on magnetic tape. The steady state combustion pressure and
the orifice upstream stagnation pressures and temperatures are
recorded on the strip charts to allow accurate determinationof
the propellant equivalence ratio. In addition the steady state
pressures in the mixing chamber and at locations downstream of
each critical flow orifice are recorded manually at the con-
trol panel in order to verify that the condition of choking of
the orifices and of the primary injector (showerhead injection)
is achieved. The experiment is terminated by sequentially
cutting the flows of fuel, oxidizer, and diluent.

It should be emphasized that nonsteady combustion in the
gas rocket arises as an intrinsic instability of the coupled
combustion zone energy release and the gas dynamic flow field
in the combustion chamber. Under certain well-defined "pre-
ferred" combinations of the various system parameters constant
amplitude, nonlinear, shock-type waves are sustained at fixed
frequencies. This behavior is to be contrasted to the nonlinear
instabilities observed in liquid propellant rocket motors which
may be triggered by bombing or pulsing a nominally steady com-
bustion process. To emphasize this point, Figure III-8 shows
typical Flader transducer outputs corresponding to the mean
static pressure records in two experiments conducted at fixed
system geometry and total mass flux and bracketing (in equiv-
alence ratio) the H, + Air system stability limit. 1In Figure
III-9 typical Dynisco transducer outputs of transient static
combustion pressure obtained simultaneously at three different

T LR T ey . _— j s s b e
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axial locations in the combustion chamber during nonsteady com-
bustion of H, + Air are reproduced. The data of Figure III-9
indicate the typically steady nonlinear waveform, amplitude,
and frequency observed at propellant equivalence ratios within
the regime of fundamental mode nonsteady combustion. Figure
III-10 is a typical transient pressure record observed at con-
ditions close to the stability limit of the fundamental mode.
As indicated in the pressure trace, near the boundaries of non-
steady combustion the spontaneous transition between the funda-
mental and second harmonic modes is evidenced by the appearance
of one or more shock waves oscillating (generally slightly out
of phase) at approximately the fundamental acoustic frequency
of the combustion chamber filled with burned products. As men-
tioned in Chapter 1I, regimes of thermodynamic and geometric
parameters have been defined wherein two or three shock waves
are sustained at constant frequency and amplitude (see Figures
I1-8, 10).

G. Range of Experimental Variables

Table II summarizes the basic system parameters and ap-
propriate orders of magnitude. It should be noted with regard
to the range of experimental parameters that the steady-state
operating conditions of the gas rocket can be calculated by
applying a one-dimensional analysis to a nonadiabatic duct
with choked mass efflux and influx (in the case of showerhead
injection). Thus while the system in principle provides the
capability of controlling the propellant equivalence ratio and
total mass flux, the chamber length and nozzle contraction ratio,
and the combustion chamber pressure and mean flow Mach number,
in practice it is not pcssible to independently vary these para-
meters. In short, changes in any one of these variables neces-
sarily introduce adjustments in one or more of the remaining
variables. While most of the system instability data have been
presented (29, 30, 31, 32) as a function of two parameters one
should bear in mind that in the course of the experimental work
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Table II: Experimental Variables

A. Geometric Variables

-1-.

2.

8.

Combustion Chamber
Length, L
Internal "diameter, d,
Internal cross section, A

Nozzle (4 hole) Contract_.on
Ratio, AC/At

Primary Injector
10 Hole Showerhead
Port diameter, d
Port flow area,Aggit
Total Flow area, tot
31 Hole Showerhead
Port diameter
Port flow area
Total flow area
49 Hole Showerhead
Port diameter
port flow area
Total flow area

Porous Plug

Mean pore size

B. Thermodynamic Variables

Combustion Chamber Pressure,
Total Mass Flow Rate, mtot

Ratio of Mixing Chamber Press

Pe

vre

To Combustion Chamber Pressure

Pmix/Pc

10 and 31 Hole Showerhead Inj.

49 Hole Showerhead Inj.

Porous Plug Injector

Nominal Dimension

5 to 180 cm
3.4 cm
9.1 cm?

46

0.085 cm
0.006 cm?
0.060 cm?2

0.052 cm
0.0021 cm2
0.065 cm2

0.037 cm
0.0011 cm2
0.055 cm2

5 microns

Nominal Operating Range
For H2 + Air System

2.4 to 11.4 atm

10 to 35 gms/sec

2.5

S8

1.20 to 1.60




80 k

Table II: continued

4. Unburned Ppremixed Gas Properties

Stagnation Temperature, T . 280 to 300 °k ,
Injection Mach Number

Showerhead injectors 1.0 (underexpanded)
Porous plug injectnrs 0.3 to 0.8

Injection Velocity

Showerhead injectors 3.6 x 104 cm/sec
Porous plug injectors 3 to 7 x 103 cm/sec

Injection Reynolds Number

Showerhead injectors 6 to 8 x 106
(based on port diameter) 1
Mixing Chamber Flow Velocity, v%ix 100 cm/sec
Propellant Equivalence Ratio, 0.2 to 4.0 ik
|
5. Burned Gas Properties :
Adiabatic Combustion Temperature 5
Tb (Figures IV-2, 9 and D-4) 900 to 2440°K
Adiabatic Combustion Temperature 5
At Stability Limit, Ty 14007K
im
Velocity of Burned Gases, 75 0.5 to 1.5 x 10> cm/sec
* Mach Number of Burned Gases, Mb 0.01 to 0.02
Mean Axial Temperature Gradient -5 °K/cm
ﬂ C. Nonsteady Combustion Parameters
l. Frequency of Pressure Oscillation, f 150 to 2000 Hz
2. Characteristic Time of Oscillation _4 -3 i
At Stability Limit, Z'Lc/n°ub 2.5 x 10 to 10 sec
3. Dimensionless_Shock Wave Amplitude,
&P, o/ Po 0 to 0.20
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additional parameters have simultaneously undergone (often
significant) changes. For example, a typical "two parameter”
experiment was carried out to determine the stability limit of
the H, + Air system as a function of the propellant equivalence
ratio and the chamber length at a nominal combustion pressure
of 7.8 atm. A 10 to 20 % increase in the total mass flux at
fixed equivalence ratio was necessary due to heat losses in
order to maintain fixed combustion pressure as the chamber
length was increased from 20 to 100 cm. As indicated in Chap-
ter II, Bowman carried out an expneriment designed to determine
the influence of the mean chamber Mach number at fixed combus-
tion pressure on the H, + Air system stability characteristics.
A Mach number change b; a factor of two was achieved by halving

the nozzle contraction ratio. However, an unreported 100%

increase in the total propellant flow rate was required to main-

tain a nominal pressure of 7.8 atm. The mass flow rate adjust-
ments typically accompanying experiments in which a "single"
parameter in the H, + Air system was varied are summarized in

Table III.
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Chapter IV: Experimental Investigations

At the outset of the present work it was felt that despite
a relative abundance of experimental data due to Pelmas, Schob
and Bowman (29, 31, 32) regarding the stability characteristics
of the gas rocket, there existed an incomplete understanding of
the underlying factors contributing to the observed phenomena.
The first section of this chapter presents the details and prin-
cipal results of a series of experiments designed to provide a
critical test of the thesis that the chemical reactivity of the
premixed gaseous propellants is an important parameter in de-
termining the stability characteristics of the gas rocket. The
remainder of the chapter is devoted to discussion of diagnostic
experiments designed to obtain both quantitative and qualitative
information regarding the structure of the H2/Air combustion zone
under steady and nonsteady conditions. These experiments include
(1) the measurement of radial and axial temperature profiles in
the combustion zone as a function of the propellant equivalence
ratio, the mean chamber pressure, and the injection configura-
tion, (2) direct photographic observation of the combustion zone,
and (3) the application of techniques of instantaneous and high
speed shadow and schlieren photography to the observation of the
combustion zone,

During the course of much of the experimental work a paral-
lel theoretical effort was pursued with the ultimate goal being
the development of a consistent theoretical and experimental de-
scription of the gas rocket instability phenomena. The experi-
ments described in the following sections were designed to pro-
vide a firmer physical basis upon which to construct a realistic
analytical model which accurately predicts the experimentally ob-
served stability characteristics. The measure of success that
has been achieved in this effort as discussed in Chapters V and
VI is in large part due to the results of these experiments.
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A, Experiments With The Carbon Monoxide, Oxygen, Nitrogen System

A.l1 Discussion of Earlier Work of Bowman

The results of the original Sirignano-Crocco (henceforth,
the S-C model) combustion model appropriately suggested certain
directions to the experimerital investigations. It will be re-
called that the theory predicted the existence of a critical value
at the stability limit of the Arrhenius exponent E/RT in the gas
phase burning rate law, In addition the theory expressed the non-
linear shock amplitude as a monatonic function of E/RT for values
of E/RT in excess of the critical value, Two points should be
emphasized. First, the special role played by the Arrhenius pa-
rameter and the specific heat ratio of the combustion products in
the theoretical results was due to the expression of the dimension-

e-E/RT. Hence,

less gas phase burning rate in the simple form r =
all of the "kinetics" were concentrated in the exponential, Sec-
ondly, the use of a more realistic expression for r in the S-C
theory (e.g., allowing for a concentration dependence in the pre-
exponential factor) led to the prediction of nonsteady burning at
all mixture ratios (27). That the simple expression for the burn-
ing rate is unrealistic is clear, however, the lack of any experi-
mental data regarding the gas rocket combustion process precluded
expression of a more detailed model.

In light of the simplicity of the combustion model, as dis-
cussed in Chapters I and II, the qualitative agreement between
the theory and Bowman's "dilute air" experimental work was en-
couraging, The existence of a critical temperature at the sta-
bility limit for the H2/02/N2 and the CH4/'02/N2 systems was ex-
perimentally verified by examining the stability characteristics
of the N, diluted reactions (Figure II-9)., Since the theory al-
lowed a prediction of the critical value of the Arrhenius param-
eter at the stability limit in terms of the specific heat ratio
of the product gases, determination of the existence of a crit-
ical temperature at the limit allowed a calculation of the cor-

D 2
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responding propellant activation energy (Elim)l' Quantitative
comparisons between Elim and published values of E showed

poor agreement,

It is most important to recognize that the experimental evi-
dence of the strong temperature sensitivity of the nonsteady burn-
ing characteristics in the gas rocket does not in itself lead to
the conclusion that chemical kinetics is an important factor in
the coupling of the combustion zone energy release and the pres-
sure oscillations, The theoretical prediction of a critical value
of the Arrhenius parameter and the experimental verification of
orit for the H2/02 and CH4/02 systems led
Bowman to attempt a series of experiments wherein the reactant

the existence of a T

activation energy of the CO/'O2 reaction is modified (with neg-
ligible thermal effect) by the addition of trace amounts of a
catalyst., According to the theory a change in the activation
energy of limit mixtures should be manifest in a corresponding
shift of the equivalence ratio (combustion temperature) at the

stability limit to maintain fixed ratio (E/RT)crit' Again it
should be emphasized that this reasoning follows/from (a) the
-E/RT

lumping of kinetics effects in the parameter e in the com-
bustion model, and (b) from the inference that modification of
reaction kinetics would necessarily modify the overall activation
energy of the reaction.

To achieve this goal, Bowman performed a series of experi-

1 The term "activation energy" as applied in this work and

in the S-C model is to be considered as the so called
"overall activation energy" of the gas phase fuel-oxygen
reaction, The activation energy corresponds to the param-
eter typically arising from flame, flow reactor, and stirred
reactor studies as an empirical data fit parameter from a
plot of log r vs, 1/T. While of no fundamental signifi-
cance in terms of representing a single elementary reaction
step for the reactions considered here, as pointed out in
this and succeeding chapters, there is substantial agree-
ment in the literature regarding the existence of charac-
teristic overall activation energies for the H / , CH /0 i
and c0/0, (wet) combustion reactions. One can ma e per-
suasive “arguments to show that the observed overall acti-
vation energies derive from the progression of the fuel-
oxygen reactions through sequences of interrelated inter-
mediate reaction steps.,
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ments with the C0/02/N2 system. The well-documented (86, 87, 90, .
91, 92, 99) sensitivity of the CO/'O2 reaction rate to trace amounts |
3 of water vapor and hydrogen suggested that the reaction kinetics J
characterizing the combustion of CO/'O2 in the gas rocket could be
modified by adding H, to the reaction., Accordingly, Bowman per- |
formed a few tests in which H, was admitted to the oxidizer-rich I
mixtures of CO and Air, The details of these tests are found in
(32). While the basic idea behind the experiments was a good one, i
the experimental results are inconclusive in view of: (1) the ;
experimental results were the outcome of a single series of ex-
periments which were not repeatable either by Bowman or this au-
thor; no transient pressure data were recorded; (2) the H2 mass
fraction admitted to the overall reaction was poorly controlled
and estimated on the basis of the difference in mixing chamber
pressure with and without H2; (3) the water vapor content of the
CO reactant was not controlled and was of the order of 150 to
200 ppm; (4) the rather circuitous arguments employed by Bowman
to effect a numerical comparison between theory, experiment, and
published kinetics data are not justified in view of the simplicity
of the guiding model and the tenuous nature of the experimental
results; (5) the theoretical adiabatic combustion temperatures at
the reported stability limits computed by Bowman are low by 350
for the CO/'Air/H2 system and by 390°Kk for the CO/Air system,

The inability of Bowman to substantiate the indications of
the original tests with the CO/'Oz/Nz/'H2 system provided a logical
starting point for the present work, The initial experiments dis-

-

cussed here were also motivated by the S-C model and hence were
approached from the standpoint of utilizing H, additive to effect
a change in the gas phase burning rate of CO/OZ/'N2 mixtures by
modifying the overall activation energy appearing in the Arrhenius

parameter,

A.2 Reaction Mechanism of the CO/O2 System With and Without Hydrogen
The CO/O2 reaction has been studied extensively by kinetic-

ists over a wide range of pressures and temperatures utilizing

diverse experimental techniques. Table IV presents a summary of
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the best available overall rate data for the CO/O2 reaction
with H2 or Hzo present in the initial mixtures. These data
have been combined with the reported experimental conditions
in each investigation to obtain a numerical evaluation of
d';"/d-t as a function of 1/T where t@eo = the mole fraction
of CO, This dependency is plotted in Figure 1IV-1, With re-
spect to these data the following points are noted: (1) All
of the experiments were performed with initially wet CO/O2
mixtures; (2) There is unanimous agreement on the first order
dependency of the oxidation rate of CO with respect to the CO
concentration; (3) With the exception of Friedman and Cyphers
the dependency of the rate of oxidation of CO on the 0, con-
centration is small; (4) Most of the overall activation energies
reported fall in the range of 20 to 30 kcal/mole; (5) The effect
of H20 on the reaction rate is expressed through the concen- ]
tration terms in the pre-exponential factors., The activation
energy is not influenced by varying amounts of H2 or H20 in b g
the initial mixtures,

The sensitivity of the Co/b2 reaction rate to the presence
of hydrogen is discussed by all of these investigators, Others,
including Shuler, Hoare and Walsh, Burgoyne and Hirsch, and

Brokaw (88, 90, 96, 91) to name a few, have also reported on

this point. There is general agreement that the CO/O2 rate

is accelerated regardless of whether the hydrogen is introduced
to the system via the H20 or the H, molecule, although Friedman
and Nugent (87) point out that H, seems to have a more pronounced
catalytic effect. These observations have led to the presently

accepted (85) reaction mechanism for the combustion of CO/O2 +
(H2 or Hzo)mixtures. The system is characterized by the con-
sumption of CO by the low activation energy, exothermic step

k¢ 12 =-7.7

where the reverse reaction is slow., The reaction proceeds
through the propagation of radicals by the thermoneutral chain
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branching reactions H + 02 =—— OH + O
O+H, =—=OH +H

O-PHZO-—OH+OH

with the principal evolution of heat via the three body chain
terminating recombination reactions such as

H+02+M—‘H02+M
O+0+M —‘-02+M

H+0H+M—"-H20+M

where the most likely third body is H,0. Brokaw (91) makes the
point that traces of water vapor of the order of 20 ppm seem
sufficient to produce domination by the hydrogenous species of
the kinetics of the CO/O2 conversion where characteristic re-
action times are of the order of 0.1 to 1 millisecond, This
mechanism which relies heavily on the presence of active OH and
H radicals is responsible for the acceleration of the otherwise
slow CO/O2 reaction, The kinetics of the dry CO/O2 reaction
necessarily involves the slow initiation step

12 48,000

k ko = 2,5x%x10" “e” RT
co + 0, _—&. co, + 0 5 3
kb 13 - 53,000 cm
kb = 1,7x10 "e RT mole sec

(rate constants from shock tube induction time studies according
to Brokaw). The overall reaction of the dry CO/O2 system

should therefore be dominated by this slow step and thus one
might speculate that the characteristic overall activation energy
of the dry CO/02 reaction (no H atoms present) should be of the
order of 50 kcal/mole.

In light of the above information the following points are
pertinent to the CO/Oz/Nz + (H2 or H20) experimerts in the gas
rocket: (1) The overall activation energy of the dry CO/O2 re-
action is estimated to be of the order of twice that of the
CO/O2 + (H, or HZO) system; (2) Increasing the initial water
vapor or H, concentration in a nominally wet CO/'O2 reaction
increases the reaction rate through the concentration dependence
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of the preexponential factor in the rate law hut does not
affect the overall activation energy; (3) There is a minimum
concentration of H, or H20, estimated by Brokaw at 20 ppm,
necessary to produce sufficient numbeis of active free radicals
to achieve wet CO/O2 kinetics; (4) Experiments designed to de-
termine the influence of the activation energy on the Co/b2
system stability characteristics must allow for comparison of
data for the dry and wet systems; (5) Comparison of stability
characteristics for systems with increasing H, concentration
should allow determination of the influence of the preexpon-

ential factor not specifically treated in the S-C model,

A,3 1Initial Experiments With co/oz/N2 System; H, Addition

In order to determine the influence of H2 addition on the
stability characteristics of the CO/O2 system several changes
in the gas rocket system were required., The precise control
of the mole fraction of H20 and H2 in the initial reactant mix-
ture was required. To this end a fourth gas "flow control"”
system (labelled "additive" in Figure III-5 was installed to
allow accurate independent control and monitoring of the mass
flow rate of H2 additive. A series of micro-orifices was
machined and calibrated by the water displacement technique to
provide the capability of maintaining steady H, flows over the
range of 1.3 x 10_3 to 0.1 gms/sec. The addition of the system
allowed a fine control of H2 mole fraction in the premixed re-
actants down to 0.005. The H2

CO was maintained at less than 1 ppm by the manufacturer. 1In

O content of the Matheson CP grade

the course of these experiments oxidizers with varying relative

molar proportions of O, and N, were used. Air, (30% O2 + 70% N2),

2 2
and (40% 02 + 60% N2) mixtures were used,
The addition of the fourth gas system and susceptability
to blowoff of the CO/Oxidizer combustion in the gas rocket com-

plicated the experimental procedure. It was impossible to pro-

duce ignition of the dry CO/Oxidizer mixtures with small H2 flows

using the additive system. In order to achieve repeatabl: ig-

nition a fifth gas system (not shown in the flow control schematic)

il 2 vr-rwvv“
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was used to admit "“ignition Hz“ to the combustion chamber. The
02 and N2 flow rates were controlled separately to provide a i
1 combustible H2/Oxidizer mixture in the chamber. Ignition was

achieved by setting the additive H, flow rate at the desired 1
final level and the ignition H2 at a convenient level. The
flow rate of N, at ignition was maintained at about 1/3 of the
final value to discourage flashback, With the above conditions
established the spark was actuated and the 0, flow rate in-

2

creased to ignition. The CO, 02, and N2 flow rates were then

slowly increaseu to the desired experimental values at which
time the H2 ignition flow and the spark were terminated. Ap-
proximately 20 seconds were allowed prior to recording data to
allow the system to clear of excess Hz.

Despite numerous attempts to carry out these experiments

! under a variety of experimental conditions (Lc = 50 to 100 cm,
P, = 4.4 to 7.8 atm, P = 0.4 to 5.0) with choked flow shower-

head injection, it was impossible to maintain combustion in the

_ absence of Hz additive. This was precisely the same behavior
] observed by Bowman and this author in earlier experiments with

the cruder flow control system. For large mole fractions of
H, (0,07 to 0.10) and the (40% 0, + 60% Nz) oxidizer nonsteady 15
burning was occasionally observed at very lean (@ »5) mixture
ratios. However, these results were not systematic or re-
peatable. With decreasing H2 mole fraction the equivalence
ratio at the blowoff limits of the system rapidly collapse

about the stoichiometric mixture ratio with stable combustion
persisting out to the blowoff limits.
A.4 Alternative Approach to the Study of the Stability Charac-

teristics of the CO/OZ/N2 System: The Influence of CH, on
the CO/O2 Reaction

The inability to sustain combustion in the absence of H,
additive and the narrow range of jE wherein combustion could j
be maintained with H, additive with the showerhead injectors
led to the decision to replace the choked flow showerhead in-
jector with a porous plug injector. In the course of earlier




93

experiments with the CH4/02/N2 system (which also is charac-
terized by a rather narrow range of ﬂ@ over which combustion
can be maintained in the gas rocket when using showerhead in-
jection), porous plug injection had been observed to substan-
tially widen the blowoff limits and to generally improve the
flame-stabilization and ignition characteristics of the system.
Furthermore a comparison of stability limit data for the
CH, + (40% 0, + 60% Nz) system with porous plug (Pelmas (29))
injection and with showerhead (Bowman (32) and the present
work) injection shows reasonably good agreement between the
wo systems. A series of preliminary investigations confirmed
e improved flameholding characteristics of the porous injec-
tors with the CO system.

It was decided to dispense with the attempt to decrease
the overall activation energy (to increase the gas phase burn-
ing rate) by the addition of H, to a dry CO/02/N2 system in

- light of (a) Brokaw's estimation that an H20 mole fraction of
20 ppm is sufficient to produce wet CO/O2 kinetics, (b) the
numerous oxperimental kinet:ics results showing that the effect
of changes in the Hzo or H2 concentration in the initial mix-
ture:s on the overall CO consumption rate is a higher order (com-
pared to changes in the Arrhenius factor) effect due to modi-
fications in the concentration terms of the preexponential fac-
tor, and (c) the uncertainty of the actual concentration of hy-
drogenous species in the unburned premixed gases due to the
presence of trace hydrocarbon impurities in the H20-free CO and
the necessity to use a separate H, ignition system,

The alternative approach of reducing the rate of the initially
wet CO/O2 system by means of addition to the unburned gases of
controlled small amounts of an inhibitor methane was selected,
Again recourse to the volume of fundamental kinetics studies of
the wet CO/O2 reaction rroved helpful. It is worth noting that
the relative abundance of basic experimental data regarding the
kinetics of the wet Co/o2 reaction is due principally to the prac-
tical interest in hydrocarbon combustion reactions and the well sub-
stantiated observations of the crucial role played by the

o et B
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oxidation of CO in those i1eactions (in particular the oxidation
of CH4 at high temperatures), There is substantial agreement
with regard to the overall kinetic rates and reaction mechanisms
among the various investigators who have examined the CH4/O2
oxidation reaction in the temperature range of 600 to 2500 °K,
It is well established that the reaction path from CH, to CO

proceeds through the long lived CO intermediate,

4 2

The early investigations of the wet CO/O2 reaction and the
CH4/02 reaction by Hoare and Walsh (90, 97) using low tempera-
ture 600 to 800 °k static bomb explosion limit techniques and
Burgoyne and Hirsch (96), who employei a laminar isothermal flow
reactor technique in the temperature range of 1200 to 1300 OK,
first demonstrated that the wet CO/O2 reaction is strongly in-
hibited by the presence in the initial reactant mixture of small
amounts of CHyo This observation has repeatedly been substan-
tiated and the conclusions of Hoare and Walsh and Burgoyne and
Hirsch regarding the inhibition of the CO reaction by hydro-
carbons amplified and refined by the following investigators:
Laffitte, Cusin, and James (93) and Vanpee and Grard (104) using
low temperature (600 to 700°K) static bomb explosion limit tech-
niques; Friedman and Cyphers (92), Sobolev (89), and Koslov (100)
who examined the rate of CO oxidation in the afterburning zone
of hydrocarbon flames and in lean CO/OZ/N2 flames in the tempera-
ture range of 1600 to 2400°K: Kydd and Foss (108) and Williams,
Hottel, and Morgan (110) using stirred reactor techniques at
1400 to 1800°k,

It is the consensus of these investigators that the inhi-
bition of the wet CO/O2 reaction by small1 amounts of CH4 arises
from the interruption of the chain reaction mechanism responsilkle
for the fast CO to CO2 oxidation due to the removal of H and O
atoms and hydroxyl radicals by reaction with the CH4 molecule
and its combustion intermediates such as formaldehyde (HZCO)°
The inhibiting effect can be formally expressed as follows
(Fristrom and Westenberg (85)). The oxidation of CO in the wet

1 small in the sense that the addition of CH, does not alter
the thermal balance of the reaction system. There is
negligible variation in the adiabatic combustion tempera-
ture,

o o
— e

T




T ST

e D o

95

system proceeds principally through the low activation energy
step

CO + OH —= CO2 + H

as discussed earlier, while a high concentration of active in-
termediates is sustained by the equilibrated branching re-

actions

H+ O, === OH+ 0
O+H, == OH+H

0 + H,0 = OH + OH

The oxidation of CH4 proceeds principally through such low

activation energy steps as

e
+ H CH3+H2

+0H==H20+CH3

Cil,

Cl,

with the latter reaction prevailing in H, lean systems such
as those considered in the present case, At least some im-
portant fraction of the methyl radicals thus formed are con-
sumed according to

CH3 + o2 —— H3COO — H2CO + OH

with the formaldehyde species leading to partial chain termi-
nation through

H2CO + OH == HCO + HZO

HCO + OH == CO + H,0

the latter reaction being exothermic and probably rapid.

In view of the apparent action of CH4 and Hzco as sinks
for the free radicals necessary for the propagation of the CO
reaction and the measured strong retarding effect of additions
of CH, and H

4 2
that the effective overall activation energy (which results

CO on the CO (wet) rate of combustion it is clear

from the complex interaction of the elementary reaction steps)
of the CO reaction in the presence of such additives is in-

creased,
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A.5 Range of Experimental Variables in CO/Oz/N2 + CH, Studies

Despite the relative agreement between the stability
characteristics of the CH4/02 system with showerhead and porous
plug injection it has been noted that the H2/Air system showed
markedly different stability characteristics when porous in-
jectors were substituted for the choked showerhead injectors,

It was decided at the outset of the present investigations to
expand the studies to allow a verification of the existence of

a critical temperature for the CO(H20)/'02/N2 system with porous
plug injection at the stability limits as observed in the H2/Air
and the CH4/02/N2 systems,

The propellant gases used were CP grade CO with water vapor
content adjusted by the supplier to 100 to 200 ppm, 02, N,, and
CP grade CH, with typical compositions as indicated in Table I,
Chapter 111, page 72 . It is noted that the CP grade CO
typically contained trace hydrocarbon impurities including CH4.
These mole fractions are well below those reported in the litera-
ture to produce inhibition of the CO/O2 reaction and can be con-
sidered merely to contribute to the initial "wetness" of the CO.
The mass flow rates of each reactant were controlled separately
with premixing occurring in the mixing chamber. The micro-
orifices used in the original study were recalibrated to pro-
vide a fine control on the CH4 additive mass flow rate. The
mass flow rate of CH, additive was accurately controlled to 0.1%
of the mass flow rate of CO, This allowed the mole fraction of
CH4 in total moles

moles/secCH4

CO+02+N2+CH4

fCH4 =  &oles/sec

to be varied from fCH Z 0.00035 where the lower limit is 20 to
30 times the mole fraction of CH, arising due to impurities in
the CO,

The complete range of gas rocket system variables (chamber
length, nozzle configuration, chamber pressure, and total pro-
pellant mass flow) was nct explored in detail in the course of

P
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this work. The data reported in the following paragraphs cor-
respond to the following experimental conditions:

injector = porous plug

chamber length = 104 cm

typical ratio of mix/ﬁc =1.2

typical injection Mach number :: 0.5

nozzle = 4 hole plug nozzle with effective AC/At = 46
total propellant flow rate, for P. = 4.4 atm

= 11 gms/sec

.8 atm

tot

o] 3

~

c
My ¢ = 23 gms/sec

Dynisco pressure transducer located at 18 cm from injector

Independent checks of the system stability characteristics
as observed under these conditions were made to insure that the
observations were not a unique function of the above system
conditions.

It was possible to make a systematic determination of the
stability characteristics of the wet CO/OZ/N2 system including
the stability limit and pressure waveform, amplitude, and fre-
qguency in the absence of CH, inhibitor and as a functicn of the
mole fraction of CH, in total moles of fuel

M = moles CH4

CH4 moles CO + moles CH4

A.6 Influence of the Combustion Temperature (Tb) On the Stability

Characteristics of the Wet Co/02/N2 System

In the absence of CH, inhibitor and under the conditions
enumerated above, a series of experiments was carried out

to determine the influence of the combustion temperature on

the stability characteristics of the CO(H20)/02/N2 system.

There is general agreement among kineticists that the CO con-
sumption rate is independent of the concentration of N, diluent.
Thus, the addition of increasing amounts on N2 to the CO/O2 re-

action for fixed ratio of 0, to CO should produce a strong

P
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effect on the CO reaction rate solely through the dependence
of the rate on the combustion temperature. According to the
S-C predictions the decrease in combustion temperature, Tb'
with increasing N2 concentration should cause a shift of the
stability 1'-. : toward the stoichiometric mixture ratio. The
dependence of the stability characteristics of the CO/O2 system
on the propellant equivalence ratio was determined for the
CO(HZO)/(.SO2 + .5N2)molar system under three different con-
ditions of dilution, O %, 20 %, and 60 %, where

diluent flow rate

% dilution = x 100
diluent + oxidizer flow rate
molar

The equivalent % dilutions on a mass basis are 0, 19, and 58 %.
The unburned gas mole fractions in total moles and the
theoretical, equilibrium, adiabatic combustion temperatures
(Tb) of the mixtures studied are summarized in Figure 1IV-2,
It should be pointed out that the experiments were restricted
to near stoichiometric and oxidizer rich mixtures. The results
of these experiments are shown in Figure IV-3. For reference
purposes the curves of constant T, as a function of P and
% dilution are shown. Under each condition of dilution unstable
combustion is observed to be sustained over a narrow range of
equivalence ratios, The shift toward the stoichiometric mix-
ture ratio of both the upper and lower stability limits with in-
creasing dilution and the relatively fixed magnitude (inde-
pendent of the % dilution) of Ty corresponding to the lower limit
offer strong support for the importance of the combustion tem-
perature of the CO/O2 system as a fundamental parameter in de-
termining the stability characteristics of the system. In this
regard it is noted that the range of Tb over which nonsteady
burning is observed decreases with increasing dilution. This
decrease (as will be obvious following the discussions of Chap-
ter V) is due to the fact that the gradient of the Tb vs 15
curve in the vicinity of the stability limit becomes steeper

as the % dilution increases (see Figure 1IV-2),

s TP

A P
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The data strengthen the conviction that despite the
radical differences between the showerhead and porous plug in-
jection schemes in the gas rocket substantially the same coup-
ling mechanism between the combustion process and the gas dy-
namic flow field is operative during nonsteady combustion in
the CO/OZ/N2 system as in the H2/02/N2 and CH4/C2/N2 systems.

As in previous experimental instability studies of other
propellant systems a systematic increase of the dimensionless
pressure wave amp}itude4Ap/§c to a maximum followed by decrease
with increasing § (decreasing Tb) beyond the lower stability
limit is observed. 1In Figure IV-4 the observed lip/ﬁc shown
as a function of di for the 20% dilution system. Of particu-
lar interest is the observation that near the lower and upper
stability limits the sustained waveform is continuous, Indeed
the systematic growth of wave amplitude and the shift from linear
continuous travelling waves to nonlinear continuous travelling
waves and ultimately to nonlinear discontinuous propagating
shock waves with increasing g? near the lower limit is clearly
shown by the data., It should be pointed out that one of the
contributing factors to these observations was an order of mag-

nitude increase in the signal to noise ratio of the output play-

back of the Honeywell tape deck used in these experiments com-
pared to the previously used Ampex system, Subsequent experi-
ments with the H, + Air system using the Honeywell system showed
conclusively that the same systematic transition with increas-
ing é (although‘®over a narrower range of f) from stable com-
bustion through a regime of linear continuous waves near the
lower stability limit to the condition of sustained nonlinear
shock type waves occurred.

A.7 Influence of CE, Inhibitor On the Stability Characteristics
of The Wet CO/OZ/N2 System

The inhibiting influence of CH4 in the combustion of CO

(H20)/O2 mixtures has been discussed. It was pointed out that
based on the present understanding of the kinetics of the
(of0] (H20)/O2 reaction this influence should be manifest by an
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increase in the overall activation energy of the reaction and
effaectively as a decrease in the overall kinetic combustion
rate. In terms of the S-C model the addition of trace amounts
of CH4 to the reaction should lead to a systematic shift of
the stability limit toward the stoichiometric mixture ratio, that
is to higher combustion temperature in order to satisfy the cri-
terion (E/RT)lim = constant or constant burning rate.

Initially theoretical calculations of the adiabatic com-

bustion temperature for (CO + m CH4)/(O.5 0, + 0.5 Nz) mix-

CHy 2
tures under varying conditions_of dilution were carried out for
moles CHy e

several values of mgy = The objective
4

moles CO + moles CHy °
of the experiments was to vary the kinetic combustion rate of
CO by changing the activation energy independent of Tb' It was
important to determine the sensitivity of the CO/OZ/N2 com-
bustion temperature to small amounts of the energetic CH4 species.,
Figure IV-5 shows Tb as a function of j§ for C0/(0.5 O2 + 0.5 Nz)
mixtures for 0 and 20% dilution and several values of mCH4 used
in the course of the experimental work. For reference purposes
the % increase in Tb for selected values of @£ near the experi-
mentally observed stability limits of the CH4-free system are
shown in the. insert., For the range of § » % dilution, and mole
fraction of CH, (in total fuel) examined the combustion tempera-
ture variations are less than 1% for mgy < 0,008,

The experimerits were carried out unger the conditions noted
in section A.5, The stability characteristics of the system
were determined with no dilution at ﬁc = 4,4 and 7.8 atm for
02 mcy,< 0.045 and for 20% N, dilution at P, = 7.8 atm for
0< mCH4$ 0.0045,

The principal results of these experiments are shown in
Figures IV-6 and IV-7. Both systems exhibit the marked shift
of the lower stability limit(§lim ) towards the stoichiometric
mixture ratio for addition of small amounts of CH, inhibitor
( mCH4= 0.005). §lim for the 20% dilute mixtures is more sharp-
ly defined with and without CH, additive in the sense that the
transition from low amplitude continuous waveform observed at
the onset (in terms of $ ) of the nonsteady combustion regime
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to discontinuous shock type waves occurs over a narrower range

of §§ . The effect in terms of stability limit shift of equiv-
alent CH4
system where the addition of m_, £ .005 results in a 23% increase

CHq
A shift in mode order at the limit was observed to

mole fractions is observed to be greater in the dilute
in Ty im®
occur as well. In the absence of CH, the onset of nonsteady burn-
ing occurred at @ ¥ 2.6 or Tyim 2190°K with the appearance of a
single (fundamental mode) wave with a mean freque.cy of 325 % yz.
The addition of mCH;=0'003 resulted in a shift of the limit to
$x22.05 7,
with a mean frequency of 610 ¥ Hz. The addition of m.,¥.005
produced a shift of the limit to j5¢ 1.5, T1im = 2700 Oﬁ and re-
sulted in the appearance of both the second (mean frequency

690 ¥ 10 Hz) and third (mean frequency 1035 t 20 Hz) harmonic

= 2450°K, and a shift to the second harmonic mode

modes.

The investigations with the 20% dilute system were restricted
to near limit mixtures with comparatively smaller Mg The ex-
periments with the undiluted system were extended to figher D with-
in the regime of nonsteady combustion and to higher Moy, The
dependence of the stability characteristics of the undifuted sys-
tem for 4;,= 4.4 and 7.8 atm (mtot differing by a factor of two)

on the m,, are essentially identical. The addition of mCHi!.OOS

produced Ia?measureable shift in f 1im to lower @ and higher Ty,
The curve of ﬁlim VS Moy is observed to minimize in the vicinity
of mCHZ:O‘OOZS to 0.005 and further addition of CHy produces a
corresponding shift of §511m away from the stoichiometric mixture
ratio. Furthermore, investigations of the wave amplitude
(e%‘-“- and 2fexern } within the regime of nonsteady burning
at constant §§ sh;wed that the amplitude underwent a systematic
increase in magnitude with addition of small amounts of CH, and
was followed by a decrease (ultimately to zero with the resumption
of stable combustion) for larger amounts of CHy. There was no
observed change in mode order at the limit for this system with
increasina Moy, -

At this juncture the following comments are pertinent:

(1) The experimentally observed shift of the regime of non-

steady combustion to higher combustion temperatures with the ad-
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dition of trace amounts of CH, coupled with the observed strong
temperature dependence of the CH, - free system stability limits

(the existence of a T m) provide positive confirmation of the

contention that gas p%;se chemical kinetics plays a crucial role
in the coupling between the ~~mbustion zone energy release and
the gas dynamic flow fiel The qualitative predictions of the
S-C theory regarding the dependence of the stability characteris-

tics on E/RT, the data in the literature regarding the dependence

of the CO,’O2 kinetics on the presence of small amounts of CH4, and
the obse:.ved experimental data are in mutual agreement,
(2) The addition of CH, to the undiluted CO (HZO)/(.502+SN2)

system is observed to influence the linear (limit) and the non-
linear (wave amplitude) stability characteristics.

(3) The observed stabilizing tendency of the addition of
larger amounts of CH4 to the undiluted system most likely results
from the counteracting thermal effect of increasing combustion
temperature with incieasing m
effect of the CH4
to the observed behavior. Schematically

CH.* Depending upon the inhibiting
additive, incéeasing m should eventually lead

CH4

— P

/

P Combined effect observed
" 4 experimentally.

im Shifts away from stoichio-
metylc mixture with increasing T, .

Lim

’ § 'm Shifts toward stoichio-
me tr¥&™with increes’.ag E; E
constant after sufficient CH
inhibitor added.

L

T

4

m
CH4r B

Figure IV-8
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B, Combustion Zone Diagnostics: Measurement Of Meon Gas Temper-
ature In The Combustion Zone

The systematic measurement of local mean temperatures in the
combustion zone was felt to be a logical first step in the exam-
ination of the distribution of combustion during steady and non-
steady burning., These investigations initiated the series of
diagnostic experiments designed to obtain an understanding of
the structure of the combustion zone and thereby to facilitate
the development of a more realistic model of the complete non-
steady problem,

Knowledge of the distribution of mean gas temperature in the
3 combustion zone is important from the standpoints of developing
a physical model of the (mean) combustion process and of properly
matching the modeled combustion process to an analysis of the wave
dynamics in the combustion chamber, With respect to the second
point, the overall extent or mean axial dimension of the combus-
tion zone becomes an important parameter that must be determined
before realistic coupling of the combustion process and the cham-
ber dynamics can be achieved, As will be shown in the following
chapter the overall mean length of the combustion zone relative
to the average particle velocity in the combustion zone and rel-
ative to the cverall chamber length has important consequences
on the analytical treatment of the complete problem. It might
be added that it was equally important to determine whether any
significant changes in the combustion zone structure accompany
the spontaneous transition from stable to unstable combustion,

In the course of previous investigations (Schob (31) and
Bowman (32)) attempts were made to determine "axial profiles"
of the mean gas temperature in the combustion zone. These in-
vestigations typically involved the placement of 4 to 6 "wall
mounted" unshielded, uncoated Pt-Pt 13% Rh thermocouples at in-
tervals along the center line of the combustion chamber just
downstream from the injector. Bowman (32) reports the results
of experiments with the H, + Air system, fi = 7.8 atm, and un-
der various primary injection configurations. An experimental

determination of the importance of radiation losses from the un-
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shielded thermocouples showed the negligible importance of this
source of error, In view of the high heat transfer coefficient
of the combustion gases and the observation that measured peak
combustion zone temperatures were within 40°K of the theoretical
adiabatic combustion temperature conduction losses also were as-
sumed small, The results of Bowman are considered only tentative
for the following reasons: First, the physical size of the thermo-
couple wires (0,025 cm diam) with largye bead size (0,06 cm) and
the fact that the wires were not coated should contribute to the
catalytic recombination of reaction intermediates in the H2/'O2
reaction at the wire surface, That both factors are important in
thermocouple measurementt of temperatures in A, + Air flames is
well known (Kaskan (94), Cookson (102)). As Howman noted, the
only reliabie temperature measurements under the above conditions
are those in the post flame product gases. Second, the inference
of axial mean static temperature profiles using the above tech-
nique (even in the absence of catalytic effects) necessitates
that several conditions be satisfied. The combustion zone must
be sufficiently one-dimensional (Bowman felt that the high turbu-
lence levels in the combustion chamber should produce such a zone)
so that the radial location (i.e., the centerline in his work) in-
vestigated is representative of the entire combustion chamber
cross-section. There must be no downstream or wake effect of
each thermocouple element on the gas dynamic field sensed by suc-
ceeding thermocouples. Finally, the local gas mean flow kinetic
energy must be negligible compared to the translational energy

so that measured stagnation temperatures correspond to effective
local static temperatures, Bowman argued this point on the basis
that the mean combustion zone Mach number equaled the mean down-
stream combustion chamber Mach number,

The diagnostic studies of the gas rocket combustion zone dis-
cussed in the following paragraphs were restricted to the H2 + Air
or H2 + "dilute®™ Air systems. The H2/'02/N2 system was selected
since the system was the easiest to work with in terms of ignition
and flashback characteristics and since the experimental stabil-
ity characteristics of the system were more completely and pre-

T A,
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cisely defined than those of the CH4/02/N2 and CO/02/N2 systems,

It should be noted that the combustion distribution over the en-

tire range of f could not be probed due to the temperature lim-
itations of the thermocouples, For reference purposes the vari-

ation of for the H, + Air system ( 7Tu = 298°K and 13c = 4,4

to 7.8 atm) is shown in Figure IV-9, For the H, + Air system

l 2
is independent of -fk over the range of interest,

Bol Measurement of Radial Temperature Profiles

The first indication that the previous measurements of axial
mean static temperature profiles may be subject to substantial er-
ror resulted from an initial series of experiments designed to
measure the local static temperature at fixed axial location and
at several radial positions in the combustion zone. These meas-
urements were made by inserting three Pt-Pt 13% RH thermocouples
through the chamber wall at approximately 2,5 cm from the injector
face and positioning them along a single radius at the motor cen-
ter line, 0.63 cm from the centerline, and 0,63 cm from the cham-
ber wall. The "radial temperature profiles" were determined for
the H, + Air system, Le= 104 cm, 4 hole plug noz:le, /% = 7,8
atm, ﬁtot
(10, 31, 49 hole) and porous plug injection configurations, The

= 25 gms/sec for a variety of choked flow showerhead

results of these measurements also must be viewed as tentative in
the sense that the wire and bead diameters were large (0,025 cm
and 0,06 cm) and the thermocouples were uncoated,

Figure 1IV-10 summarizes the results of these experiments,
The uncorrected measured mean local temperatures at the three
radial positions are recorded in termms of  for 4 injection con-
figurations, The radial position of the symmetrical injection
port arrays is noted for each injector. The dashed curves dis-
tinguish data obtained in separate experiments,

There is an obvious failure of the data to support the con-
cept of a more or less uniform one-dimensional combustion zone
with a unique axial dimension over the chamber cross-section even
for the porous plug injector., It was observed that this nonuni-
formity is not simply related to radial position and _§ but is
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sensitive to the position relative to the radial array of the in-
jection ports and to apparent changes in the structure of the com-
bustion zone with changes in QS and with the appearance of non-
steady burning. For fixed radial position there is a general
trend to the indication of higher temperature with increasing ]

(decreasing 7, ) and furthermore measured temperatures generally

increase to magnitudes in excess of 7 . The data for the 49
hole showerhead experiments systematically indicate temperatures
in excess of the 7& .

The measurement of temperatures in excess of the theoretical
maxima was felt to be an indication of catalytic heating accompany-
ing the recombination of reaction intermediates at the thermo-
couple junction., This underscored the necessity for using coated
thermocouples when probing the gas rocket H2 + Air combustion zone
and also demonstrated the inaccuracy inherent in earlier axial
temperature profile measurements., In the experiments mtot re-
mained essentially fixed with $ variations achieved by varying
the low H2 mass flow rate. The increase in measured temperature
with increasing @ and with the onset of nonsteady burning was
felt to be an indication of strucctural changes (radially and ax-
ially) in the combustion distribution occurring as the mixture
was leaned.

Finally, it was not known what effect the radial proximity
of the injection ports and thermocouple position had on the meas-
ured temperatures. The centerline thermocouple in the case of 31
and 49 hole showerhead injection was directly oppcsite a central
injection port whereas in the case »f the 10 hole showerhead the
centerline thermocouple was located at 0.64 cm radially from the
nearest port axis. In fact all of the data for the 10 hole shower-
head injector correspond to zones located approximately equi-
distant from the injection port axes.

B.2 Combustion Zone Diagnostics: Measurement of Axial Temper-
ature Profiles

The determination of axial profiles of the mean gas temper-

ature in the combustion zone and the axial "extent" of the com-
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bustion zone was the goal of the second series of diagnostic ex-
periments, The results from the radial temperature profile meas-
urements reinforced the belief that previously obtained “axial
temperature profiles™ in the combustion zone were highly suspect.
In particular, the necessity to eliminate the possibility of cat-
alytic effects due to the presence of large diameter uncoated Pt
wire at the thermocouple junction had been demonstrated, Further-
more, the indication of the nonuniformity of the combustion zone
perpendicular to the combustion chamber axis illustrated the need
for axial temperature data at more than one radial position.

In order to remove the limitations accompanying previous at-
tempts at these measurements several steps were taken, An axially
traversing thermocouple probe and drive assembly similar to that
already in use on the Princeton flow reactor (128) were designed,
This enabled the measurement of a continuous temperature distri-
bution over a 15 to 20 cm interval downstream from the injector
face. Such a scheme also eliminated the unacceptable necessity
of placing several thermocouples in close proximity along the
combustion chamber axis, Figure 1IV-11 shows a photograph of the
probe, drive assembly, and the modified gas rocket configuration
employed during these experiments, To permit axial probe align-
ment a single combustion chamber section was modified to allow
placement of the 4-hole tungsten nozzle at 90° to the chamber
axis, A water-cooled end plate allowed the 0,63 cm (.25 in)
diameter thermocouple probe to be traversed continuously. A
positive pressure seal was provided around the probe shaft by
an O-ring in the end plate., The probe traverse rate was variable
but for the experiments discussed here was maintained at 0.317
cm/sec or several orders of magnitude lower than the mean f;cw
velocity in the chamber. Y

In order to minimize the possibility of catalytic effects
and to reduce conduction losses quartz coated thermocouples were
constructed of .,005 in Pt 6% Rh/Pt 30% Rh wire stretched between
«020 in support wires of the same materials which also se.:ved as
the cold junction lead wires, The quartz coating was applied to
the .005 in wire by immersing the thermocouple in a bunsen flame
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in which small quantities of hexamethyl-disiloxane had been burned
(94, 128). 1t was not possible to coat the larger support wires,
Both water-cooled and uncooled thermocouple probes were used. A
sketch of the probce tip and thermocouple junction is shown in I'ig-
ure IV-1lla,

In addition to conduction lossesl which were significant only
with the H2
measurement of axial temperature profiles lies in the uncertainty

O-cooled probe, the principal source of error in the

of the thermocouple junction location relative to the chamber axis
and to the injector face (assuming no disturbance of the combus-
tion zone due to the probe). Note that measurements were made
only during the inward traverse of the probezana preliminary ex-
periments indicated that the H, + Air system stability character-
istics were insensitive to probe location in the chamber. Micro-
switches at the probe drive motor shaft and at the end of the drive
mechanism provided an indication of probe location during the tra-
verse, The total uncertainty in the axial thermocouple location
is estimated at + 0.2 cm and includes an allowance for probe ex-
pansion in the case of uncooled probes,

The uncertainty in the radial position of the thermocoupnle
is higher for several experiments where an injection port was lo-
cated at the chamber centerline (31 hole showerhead injector),
No systematic temperature measurements could be obtained along
the motor center line and within 3 cm of the injector for such
an injection configuration because of distortion or breakage of
the thermocouple wires presumably due to excessive drag forces
arising from the high velocity field associated with the injection
port flow, This observation in itself is important and will be
commented on later. Repeatable profiles of temperature in such
cases could only be secured by offsetting the thermocouple junc-
tion with respect to the axes of the injection ports, Tempera-
ture measurements with the 10 hole showerhead and porous plug in-
jector were made along *the motor centerline., Temperature measure-
ments with the 31 hole showerhead injector were made by bending
the support wires so as to place the themmocouple ‘junction ap-

1 Radiation losses are considered small as discussed

earlier (pagellO).

2 In order to minimﬁze distortion of the combustion zone due to
the presence of the probe.




118

proximately midway between the motor centerline and the first cir-
cle of injection ports (i.e., at approximately 0,432 cm off the
centerline),

Axial temperature profiles were measured with the 10 hole
showerhead injector at 7{ = 4,4 atm, 31 hole showerhead injector
at f—e = 4,4 and 7.8 atm and the porous plug injector at ﬂ = 4.4
atm, All experiments were carried out with 4e = 38 am and the 4
hole nozzle offset at 90° to the chamber axis, Temperature pro-
files were obtained for & > 1.7, With reference to Figure II-9,
the onset of nonsteady burning occurs at approximately éF== 243
to 2.4 for the 10 and 31 hole showerhead injectors,

Figures IV-12 to IV-17 summarize the results of these ex-
periments. Typical (raw data) temperature profiles obtained with
the 10 hole and 31 hole showerhead injectors for fz = 4,4 atm
(ﬁtot = 14 gms/sec) and uncooled probe are shown in Figures IV-12
and 1IV-13, Figure IV-13a shows the sharp discontinuity in the
temperature traces at two different jF"s for the case of 31 hole
showerhead injection where the thermocouple junction was placed
initially on the motor centerline. Examination of the probe tip
following such traces revealed that the support wires had been
bent off axis, Generally a failure of the ,005 in wire resulted.
For those runs where the thermocouple remained intact the axial
location of the abrupt discontinuity was remarkably repeatable.
Figure 1V-13b is typical of temperature traces obtained with the
support wires initially bent and the thermocouple junction lo-
cated off the motor centerline (referred to as off-axis profiles),
Figure IV-14 summarizes the mean profiles obtained with the 10
hole showerhead injector, All profiles were obtained along the
centerline of the combustion chamber. Figures IV-15 and IV-16
summarize the results obtained with the 31 hole showerhead in-
jector with the off-axis sensing junction for j{ = 4,4 atm and
;@ = 7.8 atm., Figure IV-17 presents the results for the case
of porous plug injection,

The data represent (smoothed) uncorrected mean gas temper-
atures, The importance of conduction losses in the apparent lo-
cal temperature sensed by the water-cooled probe is evident in
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data obtained with the 10 hole showerhead injector. In general
the maxiumum of the random fluctuations in temperature for the
4.4 atm experiments were of the order of 3% of the mean local gas
temperature. Larger amplitude fluctuations up to 7% of the mean
temperature were observed in the 7.8 atm experiments.

Several trends in the temperature data obtained with the
showerhead injectors were noted. With increasing 55' the overall
temperature profiles are depressed (as expected) in contrast to
the results obtained with the uncoated thermocouples in the radial
profile measurements. BAll traces exhibit the characteristic humped
shape with the broadened peaks (5& = 4.4 atm) located at 1 to 1.5 cm
from the injector face for the 31 hole showerhead injector and at
1.5 to 2 cm from the injector for the 10 hole showerhead injector.
In general the temperature maxima are 0 to 5% lower than the
theoretical adiabatic combustion temperature. The absolute magni-
tudes of the random fluctuations in temperature in the vicinity
of the temperature maxima are on the order of twine those observad
downstream. There is a measureable shift in the maxima away from
the injector for both the 10 and 31 hole injectors with decreasing ¢
for fixed h__. and fe . A comparison of the 31 hole showerhead
temperature profiles obtained at & = 2.20 for A& = 4.4 and 7.8
atm shows that a similar shift in the maximum temperature zone
occurs with increasing fz and mtot.

In terms of our present understanding of the combustion
process, the negative results obtained with the centerline tra-
verses (Figure IV-13a) in the case of the 21 hole showerhead in-
jector are important. Beyond the 3.5 cm point the temperature
profiles are similar to those obtained with the off axis probe.
Between 2 and 3.5 cm the temperature is observed to decrease as
the injector is approached, followed reproducibly by an abrupt
rise to a temperature typical of the maximum observed in the off-
axis traverses. These results were felt to be indicative of the
persistence of localized high velocity (perhaps slightly lower
temperature) regimes at locations downstream from the injector
previously envisioned to be filled with burned gas products at
approximately the adiabatic combustion temperature. The physical

{'.
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bending of the ,020 in diameter support wires could only arise
from the existence of extremely high drag forces associated with
a high velocity port flow, Because of this phenomenon it was not
possible to obtain temperature data along the chamber centerline
with the 31 hole showerhead injector. The lower temperatures
sensed along the centerline (ignoring the fact that the local
Mach number may not be low in this region) indicate that along
the port axes combustion is not complete in these regions, When
these results were contrasted with the substantially smoother pro-
files recorded for off-axis profiles (in the case of both 10 and
31 hole injection) the following inferences were drawn regarding
the measured temperature orofiles: (1) For the case of choked
showerhead injection the combustion zone seems to be character-
ized by the existence of regimes of cooler high velocity (mixing
and combusting) gases which persist 2 to 3 cm into the combustion
chamber and which are surrounded by zones of high temperature
gases; (2) It was not clear whether the broadened temperature
peaks found in the off-axis traverses and located at 1 to 3 am
from the injector and the observation that the random noise on
the thermocouple output generally doubled or tripled in this re-
gion were indicative of a reaction zone; (3) The gradual temper-
ature decay 2 to 3 cm downstream of the peak temperature is due
to the nonadiabaticity of the gas rocket, The axial temperature
gradient downstream from the combustion zone due to heat loss is
est:imated to be 5 to lOOK/cm; (4) The cause of the steeper decays
in the temperature profiles just upstream and downstream of the
maxima was not immediately evident, It was recognized that the
decrease may be an accurate record of a temperature profile in the
zone arising due to the complex interaction of turbulent mass and
energy transport in a nonadiabatic system or may simply be the re-
sult of the increasing importance of thermocouple losses due to
radiation and heat conduction in regions of diminished effective
heat transfer coefficient; (5) No unusual changes in the measured
temperature profiles were observed as the stability limit was

crossed,

N
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The profiles obtained with porous plug injection are typically
quite flat becoming more so as the propellant mixture is leaned,
As indicated in Figure IV-17 the profiles are characterized by a
region in which the amplitude of the random si¢nal increases
markedly and (depending on the @ ) where somewhat higher mean
temperatures are recorded. It is not clear whether this region
arises due to a concentration of combustion in the zone or due to
a complex turbulent exchanges., For the porous injector used in
these experiments it is observed that the displacement of this
zone from the injector increases with increasing ] (decreasingTy )
at constant ﬁtot‘ Such behavior is to be expected if the reaction
is kinetically controlled. However, the wide variation of porosity
across the face of the plug plus the variation among individual
plugs prevents any definite statement regarding the temperature
distribution in the porous plug combustion zone,

On the basis of these temperature data it was difficult to
draw really substantive conclusions regarding the nature of the
gas rocket combustion zone, The presence of strong radial and
axial inhomogeneities in the combustion zone was evident, The
concepts of a relatively thin flame sheet or of a more or less
uniformly distributed combustion zone in a low mean flow Mach num-
ber field were not supported by the temperature data, While the
temperature profiles ultimately obtained are certainly.not repre-
sentative of profiles through a distributed combustion zone, the
location of the temperature maxima in the off-axis profiles (for
the showerhead injectors) serve as valid indicators of the extent
or maximum length of the combustion zone, On the basis of the
temperature data it can be argued that the length of the combus-
tion zone increases with decreasing combustion temperature (mix-
ture strencth) and increasing E?tal mass flux (increasing f@ ) s
Furthermore for fixed £ and /e the extent (2 ) of the combus-
tion zone increases in accordance with

4 porous plug < 231 hole <£10 holes

Finally, an important observation follows on the basis of the
close approach of the maximum measured temperatures to the adiabatic
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combustion temperatures, namely, that the combustion efficiency
is 100% with respert to the deficient species, Product gases
leaving the combustion zone for115>1 must consist orly of H,0
and excess air oxidizer,

Because of apparent inhomogeneities in the velocity and
thermal fields of the combustion zone it was clear that further

temperature measurements could add little information,

C. Combustion Zone Diagnostics: Direct Photographic Observation
of the H, + Air Combustion Zone
During Saeady Combustion

The radial and axial measurements of the combustion zone
temperature indicated the need for more explicit information about
the combustion zone structure, The temperature data had shown
that the concept of a completely one-dimensional combustion zone
was not valid for the case of showerhead injection, It seemed
that the most useful information would be direct photographic
records of the combustion zone under conditions of steady and
nonsteady burning, The following paragraphs describe the series
of experiments designed to obtain direct photographs of the gas
rocket combustion zone,

Cel Modification Of The Gas Rocket System

To facilitate direct observation of the combustion zone the
design and fabrication of a new quartz windowed combustion cham-
ber section was necessary. A schematic and photograph of the
chamber section with a showerhead injector in place are shown in
Figure 1V-18, The original design provided for a single 1,9 com
thick quartz window to be positioned at the injector so as to al-
low observation of a 1.3 cm wide region extending from the injec-
tor face to 6.4 cm downstream. As indicated by the axial temper-
ature profile measurements this would allow the significant axial
and radial features of the combustion zone to be examined at pres-
sures up to 7.8 atm. The windows were flush mounted with the
chamber wall to minimize distortion of the internal chamber cross

section at the injector and were cushioned in a removable window
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holder by an asbestos gasket., The chamber section was machined

to accommodate a spark igniter and a single Dynisco pressure
transducer at 4.3 cm from the injector. Showerhead injectors

were machined so as to permit choked injection of the unburned
premixed gases, It was necessary to insert a 0,076 cm stainless
steel liner in the injector cavity to reduce heat transfer to the
mixing chamber gases, In the absence of the liner ignition of the
low velocity gases in the mixing chamber occurred Jue to heat feed-

back during the 20 to 40 second period of operation.

C.2 Choice Of Propellant System

The H, + Air system was selected for the initial series of
experiments., Basically the same reasoning applied here as did in

the decision to use H, + Air in the temperature measurements, i.e,,

ignitability, wide bléwoff limits, and the abundance of experimerntal
stability limit data for showerhead injection, In particular, the
relative case of ignition of the H, + Air system was imvortant,

In view of the extremes of temperature and pressure encountered

in the combustion zone especially during the ignition and flow
buildup portion of the experiment, the thermal limitations of the
quartz windows, and the fact that it was necessary to dispense

with the external spray cooling of the combustion chamber during

the optical work the requirements of controlled low ignition trans-

ient and minimum run time were important.

C.3 Experimental Technique

It is well known that the H, + Air flame is essentially non-
luminous in the visible region of the spectrum (Gaydon (150)).

It was hoped that this characteristic could be used to advantage.
By adding controlled amounts of NaCl to the premixed gases issuing
from a single injection port the contribution to the overall com-
bustion process of individual injection port flows could, in prin-
ciple, be examined during steady and nonsteady combustion., By
carrying out the experiments over a range of ﬁc' ﬁtot and_ﬁs,

it was hoped to substantiate the trends (regarding the combustion

distribution as a function of these parameters) indicated by the

T
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temperature measurements,

It was recognized that the reduced thermal emission from the
NaCl additive in the range of @ of interest could be a limiting
factor. Most of the Na line-reversal work reported in the liter-
ature is confined to combustion temperatures in excess of 2000°k
(151) with sensitive experiments reported down to 1700°k. Fristrom
and Westenberg (85) have recently noted that no appreciable emis-
sion of the Na doublet occurs at temperatures below 1700°K.

A series of preliminary investigations were carried out in
order to (a) determine a reliable ignition and operation sequence,
(b) establish the allowable range of jf', ﬁc and run time in terms
of minimizing window deterioration, (c) establish a reliable means
of seeding a single injection port flow with NaCl, and (d) determ-
ing the allowable range of jf(combustion temperature) in terms
of providing sufficient luminosity for photographic purposes, The
results of these investigations were disappointing. 1In order to

achieve sufficient Na D-line emission it was necessary to restrict

operation to j§.< 1.60, that is to H, + Air mixtures having

T
b
led to severe and unacceptable window deterioration at chamber

> 1875°K, Furthermore operation with these mixtures invariably

pressures jin excess of 4 atm and run times in excess of 15 sec-
onds, Despite numerous attempts at Na-seeding the flow to indi-
vidual ports it was impossible to selectively seed the combustion
process associated with individual port flows, The basic diffi-
culty encountered here was the necessity to use an in house source
of high pressure air which contained sufficient Na impurities to
mask specially imposed additive effects,

Thus prior to actual data runs several of the immediate ob-
jectives were voided. The critical temperature (Tlim) associated
with the lower stability limit of the H, * Air system is of the
order of 1450°K. That is, mixtures where &< 2,40 with Ty > 1450°%K
do not support unstable combustion. Therefore the minimum temper-

ature limitation imposed by the necessity ‘o obtain sufficient
luminosity from the Na impurities precluded the application of
the technique of direct photography to the examination of the

nonsteady combustion zone of H, + Air, The requirement that
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£F< 1.5 for photographic purposes also prevented the examination
of the jF regime immediately adjacent to the nonsteady regime,
With operation restricted to the high temperature regime and the
necessity to minimize window deterioration experiments were re-
stricted to ?c = 2 to 4 atm, For the lower mtot required run
times could be maintained at less than 15 seconds by presetting

the upstream stagnation pressures in the H, + Air system at the

desired operating points, The conditions o% choked mass injection
flux was maintained,

All photographs of the H, + Air combustion zone were obtained
with a Graflex Speed Graphic 4 in x 5 in camera using a Polaroid
Land Film Holder. The camera was equipped with a 135 mm f4/7 lens,
Two #3 Ednalite close-up lenses were added to provide an enlarged
image, With the 3 lens array the depth of field in the photo-.
graphs is approximately 0.5 cm. Polaroid (ASA) 3000 film was used,

Remote shutter operation was controlled manually.

C.4 Direct Photographs Of H., + Air Combustion

2
Direct photographs of the steady combustion of H, + Air were
obtained under the following gas rocket system conditions:

P =1.2 tolL6

ic = 2 to 4 atm
ﬁtot = 8 to 10 gms/sec
L = 20,5 cm

C

4 hole plug nozzle

Choked showerhead injection (10 and 11 holes)

pmix/ﬁc'z ¢
Exposure times were varied from 0,02 to 0,5 seconds, Thus in terms
of the estimated gas residence times (maximum) the photographs yield
time-mean records of the combustion process,
Typical direct photographs of the H, + Air combustion zone
under the above conditions (0.5 sec exposure time) are shown in
Figure IV-20a, b, For reference the injection configuration per-
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tinent to the photographs is shown in Figure IV-19 below. The
camera was focussed on the plane of the port designated by the
arrow, The photograph of Figure 1IV-20a corresponds to the 11
hole arrangement shown while IV-20b corresponds to a 10 hole con-
figuration obtained by sealing the port located directly behind
the "arrowed" port in the line of sight,

I

1.9 cm

focus — L

Port closed in
Figure IV-20b

Figure 1IV-19

In view of the extreme sensitivity of the Na D-line emission in-
tensity to temperature it is clear that the luminous zones ob-
served in the photographs correspond to the high temperature re~
gions of the combustion zone,

The complete set of photographs indicate that the combustion
zone is characterized by the existence of turbulent combustion
zones (referred to on the basis of the photographs as flames or
turbulent flamelets) centered at each injection port of the
choked flow showerhead injector and extending axially into the
combustion zone, Each "flame™ has the dark inner core zone with
the surrounding luminous inantel characteristic of turbulent jet
flames, 1In view of the characteristic jet Reynolds number of
6 x 106 based on the port diameter and the broadened zone of lum-
inosity it wculd seem that the appropriate turbulence regime is
that of small scale high intensity turbulence.

The photographs indicate no interaction between adjacent

TR T T — Ly
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a) Il HOLE SHOWERHEAD,® =15, P, = 2 atm

d) 10 HOLE SHOWERHEAD ,® =1.3, P, = 3.5 aim

- | TYPICAL DIRECT PHOTOGRAPHS OF STEADY H,+AIR COMBUSTION
FIGURE I¥-20
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flamelets in the absence of sustained shock wave instability,
The transparency of the zones surrounding the flames coupled
with the temperature measurements indicates that these regions
are filled with recirculating combustion products which have
been slightly cooled through turbulent energy exchanges with
the nonadiabatic chamber walls, Indeed this observation pro-
vides a partial explanation for the measurement of combustion
temperature maxima somewhat below the adiabatic combustion
temperature in the axial profile experiments,

In view of the fact that the photographs depict combustion
cf H, + Air at slightly lower .ir (higher Tb) and reduced ﬁtot
as compared to the axial temperature measurements at ?c = 4,4
atm it is not surprising that the axial extent of the luminous
zones as measured in the photographs of the (10 hole showerhead) ?
combustion zone, i.e., approximately 1.3 cm, is slightly less
than the corresponding length of 1,5 cm (at §5 = 2,12) determined

from the temperature profiles, Therefore despite the relatively
narrow range of parameters examined in these investigations it |
is felt that the photographs provide reliable indications of the

principal features of the steady gas rocket combustion zone over

the entire spectrum of operating conditions, Furthermore the

extension of the dark zones of the turbulent flamelets approxi-

mately midway into the combustion zone supports the explanation

(page 126) offerred for the unusual temperature profiles obtained

with centerline traverses for the 31 hole showerhead injector.

The dark zone must correspond to cool unburned premixed propel-

lant. The temperature profiles indicate that while the velocity

of the unburned propellant must decay from the sonic value at

the injector port outlet (not precisely so for the case of under-

expanded injection as will be discussed later), the velocity is

stiil high at the end of the dark zone,

C.5 Implications Of Initial Diagnostic Experiments

In the Sirignano-Crocco model the combustion zone was as-
sumed to be of zero length., This assumption facilitated the ap-
plication of the combustion zone boundary condition to the analysis
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of the wave equation in the combustion chamber at (dimensionless
axial position ) x = 0. In any analytical formulation of the
completely coupled nonsteady combustion process it is somewhat
simpler to treat the process as being concentrated in length
relative to the overall chamber length (_Qccc Lc) and concentrated
in time (residence time of the propellant gases in the combustion
zone 7res) relative to the overall period of oscillation of

"acoustic®” waves in the combustion chamber (?; <<y If

es period"

indced the first condition is satisfied then at any instant of
time during the nonsteady process, although a pressure distri-
bution over the entire chamber exists, the pressure may be con-
sidered constant over the combustion zone, On an instantaneovs
basis the momentum balance across the combustion zone may be re-
placed by the statement P, = P =f*)) and not P, = P(x, t)o If
the second condition is also satisfied then the approximation of
combustion at constant pressure is valid for each elemental vol-
ume of propellant injected into the combustion zone, despite the
fact that pressure is varying with time,

The direct photographs and the temperature profiles provided a
direct evidence that the approximation of a spacially concentrated
combustion zone is a good one for the typical gas rocket conditions
during steady and nonsteady combustion, Recall that mean axial
temperature profiles were obtained during nonsteady combustion
and showed essentially no change in the combustion distribution, ;
Combustion zone lengths as determined hy the temperature profile
measurements are approximately 1 to 3 cm whereas overall combustion
chamber lengths range between 12 and 150 cm. It should be re-
membered that the overall combustion lengths observed in the di-
rect photographs are slightly shorter than those estimated from
the temperature profiles and correspond to lower mtot. Such
lower ﬁtot combustion is generally associated with shorter Lc
for fixed ﬁc as indicated in Chapter III. That is, due to a
small change in -ec: with changing mtot, IL/LC undergoes a
slightly different change with variations in L, than would be
expected on the basis of Lc variations alone,
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The experimental data offer less concrete evidence as to
the validity of the temporally concentrated combustion approx-
imation, 1Initial estimates of the residence time of the pro-
pellant gases in the combustion zone and based on simple one
dimensional considerations (flow area set equal to the total
combustion chawmber cross section, constant velocity and
Yes = ]c/n%".,'/a;'ﬂc) indicated that 7res /%eer =8Ci% /),
In view of the diagnostic experiments discussed thus far this
calculation seems dubious. Depending upon the mean velocity
field throughout the combustion zone a range of residence
times from 7"’/7,»- << 1 o s /'yfl" =8(1) is conceiv-
able. In Chapter V an estimate of the order of magnitude to

be expected for this ratio is made on more reasonable grounds,

The direct photographs seemed to support the initial
turbulent flame model of the combustion zone boundary con-
dition, For the case of shower‘neadl injection the photo-
graphs supported the hypothesis that the gas rocket combus-
tion zone can be described in terms of an array of identical,
extended, noninteracting, cone-shaped, turbulent flamelets
wherein high intensity small scale turbulence acts to increase
the local gas transport processes (thereby thickening the
flame front),

A principal shortcoming of the work up to this point was
a failure to provide much information about the nonsteady
burning process, While the axial temperature profile meas-
urements had indicated no radical change in the temperature
distribution with the onset of unstable combustion, direct
photographycould shed no light on the phenomena for the rea--
sons noted earlier., An attempt at using the CH4/02/'N2 sys-
tem where T, & 2400°K in connection with direct photo-

1 A1l measurements and discussion of nonsteady burning of
H., + Air properly are restricted to showerhead type in-
jéctors, Implicit in these discussions is the assump-
tion that the basic mechan: sms of combustion in the gas
rocket are identical with porous plug and showerhead in-
jection, This is not a moot point. Specific arguments
in support of this contention are presented in Chapters
V and VI,
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graphic observation of the combustion 2zone proved unsuccessful
principally due to the sensitivity of the system to blowoff
and the rapid deterioration of the window surfaces during the
ignition phase of the experiment,

As noted the experiments had influenced the formulation
of a new combustion model which involved several assumptions
concerning the combustion zone structure, Some of these as-~
sumptions relied on the estimates ch and 7;es made on
the basis of the temperature measurements while others re- !
mained simply as hypotheses, 1In particular the model em- 1
phasized the important sensitivity to the pressure oscilla-
tion of the thermodynamic properties and the volume of the
(dark zone) of unburned premixed propellant within the tur-
bulent flame cone., Implicit in the analysis was the assump-
tion that fluid dynamic phenomena such as jet instabilities,
vortex shedding, and jet interaction do not influence the
nonsteady burning process. In order to obtain specific in-
formation regarding these points and to study the nonsteady
burning process an experimental program of instantaneous and
high speed schlieren and shadow photography of the H2 + Air a
combustion zone during steady and nonsteady combustion was

initiated,
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D. Combustion Zone Diagnostics: Schlieren and Shadowgraph Studies
of the H, + Air Combustion Zone

The following paragraphs describe the series of experiments
designed to obtain instantaneous and high speed schlieren and
shadow photographs of the H, + Air combustion zone during con-
ditions of stable and unstable combustion. The experiments
facilitated an examination of several of the critical assump-
tions regarding the combustion process during steady and non-
steady combustion made in the original turbulent flame model.
Chronologically these experiments were carried out simultaneous-
ly with the analytical study of the turbulent flame combustion
model and were completed during the development of the new com-
bustion model described in Chapter V. As will be shown the ex-
perimental observations played a crucial role in the development
of this new model.

D.l1 Modification of the Gas Rocket System

Substantial system modifications were required to allow 1

schlieren photography of the combustion zone. These modifica-
tions included the design and fabrication of (a) a new "windowed"
combustion chamber section and related components, (b) a schlieren
system and associated optical components,and (c) a remote con-
trolling and recording system to allow remote operation of light
sources, cameras, and the correlation of photographic records
and mean and transient pc(t) traces

(a) Combustion Chamber Section Design

The original windowed combustion chamber design (Figure
Iv-18) used in the direct photography experiments was unsatis-
factory for the schlieren work. The rapid deterioration of the
quartz windows (melting, inadequate support, impingement of par-
ticles from the chamber liner) and the necessity of using high
grade schlieren quality quartz windows in the new studies made
it imperative that a combustion chamber section be fabricated to
allow protection of the exposed window surfaces. In particular
it was necessary to insure complete protection of the expensive
thick pressure bearing windows. A schematic of the section
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designed to achieve these ends is shown in Figure IV-21. The
design encorporates a double window configuration on each side,
positioned so as to allow observation of a 2.5 cm x 7.6 cm zone
extending from the injector face. The windows are schlieren
quality (Corning Supra-sil 2) quartz. The thin inner window is J
separated from the outer load bearing window by a rectangular
channel bounded on three sides by porous metal (5 micron pore
size) "purge plates". Nitrogen"window purge" is admitted to the
annulus behind the porous plates, flows with negligible pressure
drop through the plates and the channel between the windows,

and is directed downstream across the inner face of the thin
window by means of the channel cut in the copper spacer at the
injector end of the window assembly. To prevent condensation of
H,0 product gas on the inner surface of the thin windows it was
necessary to preheat the N2 purge. To allow preheating a simple
heat exchanger was provided in the N2 purge line. The exchanger

was fabricated from a section of stainless steel tubing filled
with copper pellets and wrapped with 4.6 m of (A-1), .091 cm diame-
ter Kanthal resistance wire. By controlling (Variac) voltage
across the heater N2 purge temperatures up to 500°K at the in-
let to the chamber section could be achieved. The N, purge flow
rate was regulated through the diluent system.

To eliminate the possibility of ignition of the relatively
stagnant premixed gases in the volume upstream of the face of
the choked showerhead injector, a coolant coil and manifold were
designed to couple the chamber section to the mixing chamber.
Both H,0 and N, coolant were used in the course of the experiments.
The coolant manifold and coil are also shown in Figure IV-21. The
typical "optical" array of the showerhead injection ports designed
to preserve the basic hole spacing of the 10 hole showerhead in-
jector and to facilitate the observation of individual port flow
without intervening jets along the optical axis is visible through
the chamber section windows in the photograph. Figure IV-22a,b
shows exploded views of the window holder assembly and.the win-
dowed section injector and coolant manifolding assembly.
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Prior to the optical studies the stability characteristics
of the system with the new windowed section and injection con-
figuration were determined. The influence of heated and un-
heated N2 purge flows up to 10% of the total mass flux of pro-
pellant was determined and a successful ignition and experi-
mental procedure determined (see page 149).

(b) Schlieren System

A schematic of the schlieren system designed for these
studies is shown in Figure IV-23a and an overall view of the
experimental arrangement is shown in Figure IV-23b. The sys-
tem was designed to allow instantaneous spark photography as
well as high-speed cine photography using a Hycam lémm framing
camera. A folded Z configuration provided for parallel beam
illumination of the test section and minimum distortion due to !
aberrations (coma). A 0,3 mw He-Ne laser facilitated system
alinement. The principal features of the system components are
noted in Table V.

High-speed schlieren photography was accomplished by in- .
troducing an Osram 100W/2 continuous Hg-arc lamp at the source
position and an achromat lens in the beam 31 cm beyond the knife
edge to form a small inverted image of the test section on the
entrance stop of the Hycam. To allow variable magnification
(depending on the focal length of the achromat used) the Hycam
position along the optic axis was adjustable by means of a lathe

tool bed camera mount.
Instantaneous spark schlieren phctography was facilitated by
replacing the continuous source with a high voltage spark elec-

trode source, removing the achromat and Hycam, and imaging the

e

test section directly on 4 x 5 Polaroid film mounted in a shutter-
holder at 3 m from the knife edge. A fixed magnification of 1.8
applies to the spark schlieren photographs.

(c) Remote Control Circuits

In view of the safety restrictions prohibiting presence of
personnel in the test cell during system operation, remote con-
trol of the Hycam, the 4x5 shutter, and the spark light source
was required. Schematics of the circuits designed for these

o
|
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TABLE V: SCHLIEREN SYSTEM COMPONENTS

COMPONENT

Projection Lens

Camera blast
shield

Condensing Lens
Concave Schlieren
Mirrors

Hycam lémm Camera

4 X 5 Polaroid
Film Holde:r and
Shutter

Knife Edge
Continuous Light
Source
DC Power Supply
Spark Electrode
High Voltage
Power Supply

Neutral Density
Filter

Plane Mirrors

Pin Hole
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SOURCE
Laboratory Optical
Edmunds Scientific

In House
Laboratory Optical
Laboratory Optical

In House
In House

In House

Osram
In House

In House

Spellman

Kodak

Laboratory Optical

In House

SPECIFICATION

f/6, 15.3 cm £.1.
f/30, 76 cm f.1.
£f/5.6, 21.6 cm f.1.

1.3 cm plexiglacss
£f/3.3, 2 £/6, 2.5 cm
diam condensing lens

£f/13.8, l44cm f.1.,
first surface

Model K20S4E, 400ft

1000 cps T.L. gener
Event synchronizer

HBO 100wW/2, DC air
cooled Hg-arc Lamp
100v, 10 amp

0-20 kw

0.1 to 0.6

10.4 cm diameter
first surface

circular, 0.l6cm
diameter

*Symbols correspond to labels in Figure IV-23

bl o it
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purposes are shown in Figure IV-24. Photographs of the H, +

Air combustion zone during steady and nonsteady conditions have
been obtained. The remote operation of the optical systems once
the desired experimental conditions were attained is described

in the following paragraphs.

Remote operation of the system for instantaneous photo-
graphy relied on the nonluminosity of the H, + Air combustion
zone at jf>'2.0. With experimental conditions achieved, the
4 x 5 shutter solenoid was actuated at the control panel expos-
ing the film to the test section. A second control panel switch
applied a criggering voltage to the spark electrode and allowed
a controlled breakdown at preset voltage. Following spark dis-

charge the shutter was closed and the experiment terminated.

For discharge voltages of the order of 9 to 12 kv, exposure times
of the order of 5 to 20 msec are achieved. An N2 bleed across
the spark electrode discouraged premature breakdown due to the
huildup of H,0 vapor in the test cell during a series of experi- 3
ments. An RCA LS600 photodiode was mounted at the base of the

condenser lens and sensed the spark discharge. The 1 to 2 volt

output from the photodiode was recorded on the Ampex tape for
subsequent correlation of transient pressure and the photographs.
Polaroid PN-55 (ASA50) and P52 (ASA 400) films were used.

For high-speed cine photography the arc lamp blower was dis-
connected immediately prior to the experiment. Lamp vibration
induced by the blower mounted on the housing produced unacceptable
light intensity fluctuations. With the desired experimental con-
ditions achieved, 24 volts DC power was applied to the Hycam camera.
The two NE2J timing lights in the Hycam were wired so as to (1)
provide 1000 marks per second on the film and (2) to simultan-
eously provide a zero time reference on the film and on the mag-
netic tape for subsequent correlation of the image sequence and
the transient pressure. To achieve the latter a relay was con-
nected in parallel with the power line to the camera as shown in
Figure IV-24a. Upon actuating the Hycam the relay closed the
second timing light circuit and a 250 V photographic battery
powered the light. The "event" feature of the Hycam opened the
circuit at a preselected (constant speed) film footage. This
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"zero" reference point was recorded by monitoring the voltage
drop across the 6.8Kohm resistor in the timing light circuit.

At framing rates of 5000 frames per second a maximum undertainty
of 30 usec is estimated in the correlation of film and pressure
trace due principally to the finite luminosity decay time of

the timing light. Dupont 932A film developed to a negative

(ASA 125) was used. Much greater detail in the photographs was
realized by subsequent processing to positives of selected se-
quences. Exposure times rarged from 10 to 100 usec.

D.2 Preliminary Investigations

Preliminary experiments were carried out to determine a re-
peatable ignition and operation sequence and to examine the
system stability characteristics with the new windowed chamber
section and the modified showerhead injection port alignment.

: Initially a series of experiments with a conventional combustion
; chhamber configuration showed that the H, + Air system stability
characteristics (stability limits and nonlinear shock amplitude)

were essentially similar for choked showerhead injection with

the asymmetric "optical" 9-port configuration and the previously
used 10-hole array. A shift in the precise location of the sta-
bility limits in the jfuLc plane was observed for 9-hole injection

with mean port size of a = ,057 cm compaced to a similar in-

yort

jector with mean port size of d .092 cm. Both injectors

were used in the course of the ggi:cal work. The larger port
injector supported nonsteady burning in a narrow range of 2.05
= if £ 2.20. The smaller port injector evidencad nonsteady
burning for $z2.45.

The influence on the system stability characteristics of N2
window purge flows up to 10% of the total propellant mass flux
was also determined in a preliminary study. A slight decrease in
equivalence ratio at the stability limit (j;iim) was observed
with the addition of small N, flows, but the overall stability

characteristics were unchanged. The frequency of the sustained

pressure oscillation at the limit was independent of the N, mass

TR —
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flux.l This indicated that the wave travel time (i.e., the mean
combustion chamber temperature and Mach number) was essentially
constant at jﬁlim.

The influence on the operating characteristics of the gas
rocket of significant distortion in the combustion chamber geometry
in the vicinity of the injector was noted during these preliminary
tests. With the small inner windows removed from the configuration
shown in Figure IV-21 it was impossible to stabilize (in the sense of
flameholding) combustion of the H, + Air propellant at the injector
(independently of N2 purge flow) over the entire range of equivalence
ratio (j771) investigated. This observation, although a bi-product
of preliminary testing lends important support to the final combustion
model developed in Chapter V. It represents a clear indication of
the strong recirculation of burned product gases to the base of the
propellant jets.

In the course of the optical studies two experimental procedures
were used. Initially spark schlieren and shadow photographs of the
stable combustion of H, + Air were obtained. The experiments were
carried out at P, = 4.4 atm and used the standard procedure discussed
in Chapter III. Total run times on the order of 30 to 40 seconds
were required. To provide adequate protection of the windows for
these long runs and to eliminate H,0 condensation a 30 minute window
preheat preceded each series of experiments. Using this technique
with preheated N, mass flows of 8 to 10% of mtot
window protection was achieved. This procedure proved completely

virtually complete

satisfactory for obtaining shadowgraph photographs of the combustion
zone due to the inherent low sensitivity of the shadowgraph system.
The distortion introduced in the image by the purge flow in the more
sensitive schlieren cbservations proved excessive for high speed
cine photographic observation of the nonsteady combustion zone (a
series of spark schlieren photographs of steady combustion with

1 This behavior is to be expected in light of the combustion model
developed in Chapter V . Earlier work had shown that the addi-
tion of N, diluent to the premixed propellants upstream of the
combustion chamber produced a shift injELIM toward the stoichio-
metric ratio. It is of interest to note that addition ot N,

directly into the combustion chamber produces a similar re-

LIM®

duction in

T
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N2 purge flow was obtained). 1In order to obtain satisfactory
resolution of the nonsteady combustion zone an abbreviated ex-

perimental procedure similar to that used in the direct photo-
graphic work was used. For these experiments the N2 purge was
used to preheat the windows for 30 minutes prior to each ex-
periment. The experimental ignition sequence was initiated with
the termination of the N, purge flow. Total run times were
minimized by presetting the air mass flow rate at the desired
final value and increasing the H, flow rapidly to the desired

firal magnitude.

D.3 Results of Spark Schlieren and Shadowgraph Investigations

Spark schlieren and shadow photographs of the steady com-
bustion H, + Air have been obtained under the following con-

ditions:

1.70 ¢ & = 3.00

Pc = 4.4 0.7 atm

htot = 13 £ 2 gms/sec

Lo, = 104cm

4 hole plug nozzle

window purge: 400 to 500 °K, 8 to 10% of thpop

cﬁoked showerhead injection

Ppix/Pc = 2.1 to 3.2, corresponding to two 9 hole
showerhead injectors having mean port diameters
of (I) 0.092 cm and (II) 0.056 cm
(schematic of port configuration is shown in
Figure IV-25)

A series of cold air flow schlieren and shadow photographs
with and without N2 purge flow were obtained prior to the series
of combustion experiments. These initial photographic studies
were aimed at determining the basic structure and degree of
steadiness of the gas jets issuing from the showerhead injector
/P and dp in the absence

mix ort
of combustion. The oscillatory behav1or of axisymmetric, choked,

ports as a function of mtot,

underexpanded jets expanding into unconfined quiescent atmospheres
is well documented (145, 146, 147). High velocity air jets are
typically observed to "emit discrete frequency screeches which

are superimposed on broadband noise" (146) in the frequency

range of 5000 to 10,000 Hz (145). Such phenomena as eddy and
vortex shedding, sound wave emission, and shock structure os-
cillation along the jet axis and rotation about the axis are

observed (146).
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Figure IV-25 presents typical photographs obtained of the
cold air flow jet structure. A complete series of schlieren and
shadow photographs of the air jet structure over the range of
total air mass flow rates typical of the combustion experiments
and of ratios of ﬁmix/ﬁc for both injectors verified the inherent
uniformity and steadiness of the underexpanded jets. The char-
acteristic three-zone structure (regions of supersonic flow, a
system of standing shock waves, and a diffuse turbulent outer
mixing zone) of the underexpanded choked air jet is visible in
all photographs. The shock structure remained fixed in location
and configuration over several individual photographs taken under
identical flow conditions. A subsequent observation of the cold
air jets by high speed cine photography substantiated the con-
clusion of the inherent steadiness of the showerhead injector
jets in the absence of combustion.

For the cold flow case at fixed mass flow and choked shower-
head injection the mean chamber pressure and Mach number (M)
are functions of the nozzle throat area (At). The photographs
shown are typical of the results obtained with the 4 hole plug
nozzle. At fixed total mass flow but with combustion the jet

underexpandedness, P /P decreases substantially due to the

increase in the stagﬁzzlon temperature and static pressure and
the attendant decrease in stagnation pressure across the com-
bustion zone. A series of cold flow shadowgraphs for fixed total
mass flux but decreasing underexpandedness (achieved by reducing
the nozzle throat area) are shown in Figure IV-26 and demonstrate

the pronounced effect of decreasing P /§c on the jet shock

mix
structure. The third photograph corresponds to (Pmlx/Pc) cold =
(P /P ) with combustion. In the absence of combustion viscous

mix’ "¢
dissipation restricts the supersonic portion of the jet to 0.7 ecm

(7.7 o () for B . /P  =4.03 and to ~ 0.5 cm (5.5 dport) for
mlx/P = 2.15. Comparison of Figures IV-25 and IV-26 shows that
the supersonic portion of the jet in the case of the smaller total
flow area injector is about the same length (in absolute terms)
for the same P_. /P ( =0.7 cm) but is longer relative to port

mix’ "¢
diameter (12 d

port)‘

PP Per ey
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Initially a series of spark schlieren photographs of the
steady combustion of H, + Air were obtained for showerhead in-
jector (I) (dport = 0.092 cm, §mix/f>c = 2,1) under the conditions
noted on page 150. Typical horizontal knife edge schlieren photo-
graphs of the combustion zone as a function of jr are shown in
Figure IV-27. Typical shadowgraphs at js = 1.95 for the two in-
jectors are shown in Figurs. IV-28. A series of shadowgraphs
(injector II) spanning the range of i?c:f interest in terms of
the nonsteady burning characteristics evidenced by the conven--
tional injection configurations is shown in Figure IV-29. The
shadowgraph at @ = 2.80 was obtained during sustained low ampli-
tude shock-type instability.

There is some difficulty in extracting information from these
spark photographs. These data were obtained, as noted earlier,
simultaneously with the analytical studies of the turbulent flame
model of the gas rocket combustion process. Several tentative
observations were made on the basis of these schlieren and shadow-
graph results which are consistent with earlier diagnostic re-
sults from the temperature measurements and the direct photo-
graphs and which had a direct bearing on the analytical work.

The schlieren sequence supports the earlier observation that the
combustion zone increases in length with increasing & or de-
creasing T, . As @ increases from 1.70 to 2.80 the apparent
length of the combustion zone increases from approximately 1.5 cm
to 4.2 cm. The supersonic region of the underexpanded combusting
jet flows is quite well shown considering the integrated path
length effect (with hot N,
of the repeatability of the shock structure evidenced by the
shadowgraphs it seemed that the underexpanded zone of the jet

window purge) in the optics. In view

remains steady during steady combustion. The region of cold high
velocity unburned premixed propellant gases extends into the com-
bustion zone. For the same total mass flux and underexpandedness
the supersonic region is attenuated by about 20% (from its cold
flow length) in the case of the combusting jet. This attenua-
tion seems to be quite reasonable in view of the higher levels

of turbulent mixing and viscous shear in the case of the combusting
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jet. Indeed, the photographs indicate that the actual burnisj
zone commences quite close to the base of the jet (especial’y

- with increasing ®) and extends axially, surrounding the under-
expanded zone. As shown in Figure IV-28 the length of the under-
expanded region of the jet is independent of the ﬁmix/ﬁc at

fixed P (1.95) and ..
tends approximately (0.5 to 0.7 cm) into the combustion chamber.

At § = 1.95 the underexpanded zone ex-

The length of this zone is appreciably shortened as the mean Ty,
is decreased (@ increased) as shown in Figure IV-29, Note that
th, . was increased slightly to maintain fixed §c over the en-
tire range of .

It is of interest to compare the observations of the com-
bustion 2zone at§= 1.95 and ﬁmix/ﬁc = 2.1, ﬁltot = 14.5 gms/sec
with the direct photographs obtained earlier at j? - 1.60 and
§mix/§c = 2.0 and th, _, = 8 gms/sec. It will be recalled that
the inner dark zone observed in the direct photographs extended
approximately 0.4 to 0.5 cm from the injector port with the over-
all flamelet length being 1.3 cm. In view of the slight differ-
ence between the mean conditions of the combustion process in the
two experiments it seems reasonable to conclude that the inner
dark zone observed in the direct photographs corresponds to the

steady underexpanded portion of the propellant jet visible in

the shadowgraphs.

E These observations reflected directly on the theoretical
analysis of the turbulent flame model of the combustion process.
The basic assumption crucial to the development of the turbulent
flame combustion model, namely, that the combustion process is

e

coupled to the pressure oscillation through the sensitivity (in-
deed isentropic response) of the unburned premixed propellant
gases within the cone volume seemed to be highly suspect. Fur-
thermore the postulated relative thinness and overall conical
geometry of the turbulent flame zone seemed to be unrealistic.
In particuiar the applicability of the concept of a turbulent
flame speed appropriate to the combustion zone visualized .in
these schlieren, shadowgraph, and direct photographs sfeme3l

dubious.

e
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D.4 Results of Schlieren lémm Cine Photography of Steady
and Nonsteady Combustion of H, + Air

The experimental procedure used to obtain lémm schlieren
records of the combustion of H, + Air is described in section
D.2. High speed schlieren photographs of the steady and non-steady
combustion of Hy, + Air have been obtained with and without N,

purje during the fi'ming under the following conditions:

1.8 P 2.7

5 - .

Lz 104 cm

4 "hole plug nozzle

choked showerhead injection

Pmix/PC = 2.8, corresponding to 9-hole
showerhead injector (Il1) having

mean port diameter of 0.056. cm .

i

In Figure IV-3u a typical lémm schlieren sequence (5000
frames/sec, 20 usec exposure time, horizontal knife edge) depicts
the steady combustion of I, + Air at £ = 2.4, slightly below
the onset of nonsteady burning {with 2. Figures 1IV-3la,b
and IV-32a to f show l6mm schlieren sequences of the nonsteady
combustion zone of Hy + Air at P¥2.6 during sustained shock-
type instability. The two sequences shown were separated in
time by 0.130 sec during the experiment. A single nonlinear
shock-type wave was observed to oscillate at the fuﬁdamental
frequency of f = 267 + 10 cps with a steady ‘spshock/ﬁé = 0.03.
The overall peak to peak wave amplitude as sensed by the Dynisco
transducers located at 4.6 cm from the injector face was
APy ¢ pk/Fc = 0.06. The approximate time of passage of the
shock wave relative to the film sequence is designated by (s — ).
Under these observed conditions the period of oscillation is
approximately 3.75 msec and the mean shock velocity is 5.6 X lO4
cm/sec which also represents the mean sound speed in the combus-
tion chamber. The mean sound speed in the vicinity of the in-
jector is somewhat higher and is estimated to be (& (7.3 cm/sec))
corresponding to a mean temperature near the injector of 1325°K
or 50°K below the adiabatic combustion temperature for the mixture.

F S
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Thus the midpoint of the Dynisco transducer and the x = 2 cm
point in the chamber are separated in time by an estimated

35 usec corresponding to the time for an acoustic pulse to
travel the interval. This correction is included in the data
shown.

The information obtained from the high speed schlieren
sequences was important to the overall understanding of the gas
rocket instability phenomena and represents a key element in the
development of a consistent thecretical and physical combustion
model. The high speed schlieren films obtained at 2.20% < 2.40
confirmed the steadiness of both the underexpanded region of the
unburned propellant jets as well as the larger surrounding zone
of mixing and reacting gases in the absence of sustained pressure
oscillations.

With regard to the structure of the combustion zone as shown
in the high speed photographs on a frame by frame basis the
following points are noted: The underexpanded regions of the
three central jets (see Figure 49 for the injector port con-
figuration) are visible in most of the frames as dark streaks
parallel to the axial coordinate. The injector face is at the
left hand border of the image. Combustion and jet expansion pre-
dominate in the 1.5 to 3 cm zone extending from the injector
face. This region is clearly distinguished from the somewhat
cooler more uniform (velo:ity, composition, and temperature)
downstream zone of product gases. The axial extent of the under-
expanded regions of the propellant jets and the overall combus-
tion and mixing zone as observed in the high speed schlieren
photographs is consistent with similar measurement of these zones
in earlier diagnostic work (the individual frames of the high
speed photographs show a 2.4cm x 6.4 cm area of the test section).
The marked difference in the schlieren image between the l6mm
frames and the spark schlieren photographs is in part due to the
lower contrast, lower speed film used in the high speed photo-
graphs. The major factor is the additional distortion introduced
by the N, purge flow in the spark schlieren studies. Several

l16mm high speed schlieren records of the combustion zone with
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N, purge evidenced precisely the same oscillatory behavior in the
combustion zone gases when viewed continuously at 8 frames/sec
playback. The oscillation is not shown as clearly on a frame
by frame basis as in the experiments with no N2 purge flow dur-
ing the filming.

On the basis of high speed schlieren sequences such as
those shown in Figures Iv-31,32 during sustained fundamental
mode shock type instability the following observations were made:
The finite dimensioned combustion zone volume is itself nonsteady
in the presence of sustained shock type instability and oscil-
lates in size at the precise frequency of the pressure oscilla-
tion. The "magnitude" of the observable volume oscillation
diminishes with decreasing shock wave amplitude and is absent
during steady combustion. The combustion zone oscillation is not
in phase with the pressure oscillation. The passage of the shock
wave follows by % to 1/3 of the period of oscillation the occur-
rence of the maximum extension of the combustion zone. There is
no evidence that the small (in comparison to the overall combus-
tion zone vc iume) zones of unburned underexpanded propellant
gases play a significant role in the nonsteady burning process.
There is no evidence that unsuspected nonlinear fluid dynamic-
chemical interactions such as flame tip breaking and subseguent
properly phased ignition of these displaced volumes of propel-
lants as observed by Tsuji and Takeno are active in the non-

steady combustion zone response.
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CHAPTER V: A Combustion Model For The Premixed Gas Rocket

A. Introduction

In the preceding chapters emphasis has been placed on the
necessity for developing a realistic analytical model of the
coupled nonsteady burning process in the gas rocket. To this
end a systematic interaction between theory and experiment has
occurred in the course of this work. The predictions of the
original Sirignano-Crocco theory aided in defining certain
avenues of experimental work including the investigation of the
stability characteristics of the CO (HZO)/O2/N2/CH4 system re-
ported in Chapter IV. The quantitative disagreement between the
experimental results of Bowman and the original theory do not
negate the significance of the experimental work in terms of
approaching the longer range goal. The stability limit data of
Bowman with the HZ/OZ/NZ system (choked showerhead injection),
of Bowman, Pelmas, and this author with the CH4/02/N2 system
(choked showerhead and unchoked porous plug injection), and the
data (Chapter IV) from the CO work (porous plug injection) con-
clusively demonstrate the fundamental importance of the com-
bustion temperature (and by inference the gas phase reaction
kinetics) in determining the onset of nonsteady burning. The
data obtained with the CO(H20)/02/N2 system with CH, additive
likewise demonstrate the important influence of the reactant
chemistry at essentially fixed combustion temperature on the non-
steady burning characteristics of the system. The comparison
(Chapter VI and Appendix D) of the stability limit data of the CO
(H20)/02/Nband CH,/0,/N, systems in light of the currently avail-
able overall reaction rate data for these systems and the model
developed in this chapter strongly supports the inference of a
dominant role played by chemical kinetics in the coupling of the
combustion process and the pressure oscillations.

In light of these results and the inadequacy of the original
S-C model the series of diagnostic experiments described in the
preceding chapter was carried out in order to improve the under-

standing of the structure of the combustion zone during
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steady and nonsteady combustion. The data from the early tempera-
ture profile measurements and the direct photographs together with
Bowman's suggestion of a factor of two difference between published
and calculated (on the basis of experimental results and the origi-
5 * Air and CH4/02/N2
systems led to the formulation (originally due to Crocco) of a

nal S-C model) activation energies for the H

turbulent flame model of the combustion process. This model was
developed in detail in the course of the present work and in fact
provided the original impetus for the experimental examination
of the importance in the coupling process of the propellant in-
jection Mach number and the ratio of unburned to burned gas
temperatures. These experiments are discussed in Section G of
this chapter. The important elements of the turbulent flame model
and its principal shortcomings are noted in Sections C and D.

The final series of schlieren and shadowgraph observations
of the combustion zone were instrumental in the formulation of an

improved turbulent combustion model of the nonsteady burning

process in the gas rocket. Certain additional and equally important

considerations contributed to the development of the final model.
These factors are discussed in Section D. The steady-state model
of the combustion process is discussed in Section E. The develop-
me ~t of the appropriate combustion zone boundary condition used

in the complete analysis of the nonsteady problem is completed

in Section F.2. Solutions to the equations governing the linear
and nonlinear system response are presented in Sections F.3 and
F.4.

In order to provide a measure of cohesion to the subsequent
developments, Section B is reserved for a generzl overview of the
analytical problem and an outline of the important results of the
Mitchell-Crocco nonlinear analysis of longitudinal mode pressure
oscillations in a rocket motor. The results of their analysis

have been applied in the present turbulent combustion models.

B. Analysis of the Wave Dynamics in the Combustion Chamber

The last ten years have seen the development of sophisticated
analytical techniques for the treatment of nonlinear longitudinal

mode combustion oscillations in liquid and solid propellant rocket

E
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motors. The important contributions of Mitchell, Sirignano,
and Crocco (21, 26, 27, 34, 35, 81, 82) have led to the formulation
of a nonlinear analysis of the wave dynamics in the combustion
chamber which provides a realistic and quite general framework
for the consideration of longitudinal mode combustion instability
in the gaseous propellant rocket motor.

A complete description of the nonlinear instability problem
necessarily involves an analytical expression of:

(1) The wave dynamics in the combustion chamber

(2) The nonsteady behavior of the gas dynamic flow field
in the nozzle

(3) The combustion process and the nonsteady coupling of
the burning rate and the pressure oscillations,

The early diagnostic studies of the Hy + Air combustion zone
(the measurement of axial temperature profiles and the direct
photographic observations) demonstrated that insofar as the wave
dynamics of the gas rocket are concerned the combustion zone may
be considered as short compared to the overall chamber length.
Similarly the 4 hole plug nozzle provides a physically realistic
approximation to the "short nozzle" which was originally analyzed
by Crocco (3). These observations provide the necessary justi-
fication for the separate analytical treatment of the nonsteady
processes in the combustion zone, the nozzle, and the combustion
chamber. In view of the low mean flow Mach number (.005 to .02)
of the product gases in the combustion chamber of the gas rocket
the recent analysis of Mitchell and Crocco (34) becomes approvriate.
In their 'concentrated combustion model" the analysis of the wave
dynamics in the combustion chamber is carried out independently
of the combustion and nozzle conditions, the latter appearing as
boundary conditions to the wave equation in the free stream. The
analysis is valid for the case of low mean flow Mach number where
the steady-state Mach number serves as a measure of the level of
combustion in the chamber and of the mean outflow through the
nozzle. The particular utility of the analysis lies in the fact
that the combusticn modelling aspects are divorced from the treat-
ment of the chambter dynamics thus facilitating the examination of

(in the present case) several turbulent combustion models. The
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combustion model determines the functional form of the pertur-
bation in particle velocity at the injector end of the motor
and thus serves as the appropriate combustion zone boundary con-
dition for the wave analvsis., Similarly the short or quasi-
steady nozzle condat’ allows a simple exbression of the nozzle
end boundary condit.on on the particle velocity. Finally, the
necessary time (initial) condition is replaced by a cyclic con-
dition on the nonsteady thermodynamic and gasdynamic variables.
Once a satisfactory description of the combustion zong
response to the pressure waves is achieved the coupled problem
can be readily solved. For the three turbulent combustioi models
examined in the course of this work the analysis ultimately leads
to the formulation of an ordinary, nonlinear, integro-differential
equation governing the form of the dimensionless pressure pertur-
bation (over one period of oscillation). The attraction of the
entire approach is the fact that one may simultaneously solve
the linearized form of the final equation to obtain the linear
system response and the full nonlinear form of the equation by

numerical techniques to obtain the nonlinear response. Thus a

determination of the system stability limits as well as finite wave

amplitude and waveform within the regime of nonlinear instability

can be made. The influence on the stability characteristics of the

motor of the important system variables including the propellant
chemistry and equivalence ratio, the combustion temperature and
pressure, the mean flow Mach number and the chamber length is
easily calculated.

For the sake of completeness the Mitchell-Crocco analysis
of the wave dynamics in the combustior chamber for the case of
concentrated combustion is reviewed in Appendix A. The principal
constraints on the analysis appear in the assumptions. These are
acceptable in terms of the characteristics of the gas rocket.
The assumptions include:

(1) one dimensional flow in a uniform cross-sectional area
chamber

(2) The length of the convergent section of the nozzle is
short compared to the overall chamber length such that
the Mach number at the nozzle entrance remains fixed
Aduring nonsteady operation

MR
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The chamber flow is homentropic through second order in
the wave amplitude. That is, the mean flow and the
oscillations are considered isentropic. With regard to
the mean flow, the analysis does not prohibit entropy
oscillations at the combustion zone boundary. For the
general case of nonsteady burning, product gases leave
the combustion zone with differing entropies (for the gas
rocket combustion zone the nonisentropicity lies mainly in
the density waves) on the time scale of the pressure
oscillations. However, the entropy wavelength is
determined by the mean flow velocity. For the gas

rocket the entropy wavelength is (A_ = U ) and is
(¢(.1 to 1l cm)). For the turbulent Condl?long of the mean
flow it is likely that these waves will be strongly
damped. With regard to the pressure waves the low
amplitude oscillations characteristic of nonsteady gas
rocket operatlon (AP/apc = (&(0 to 0.20)) are nearly

isentropic since Jl |
gk ‘e[nagl( >]

Implicit in the one dimensional homentropic flow assump-
tions is the assumption of adiabatic flow. 1In view of
the measured axial temperature gradient (&(-5 °k/cm) )

in the gas rocket the adiabatic condition is an approxi-
mation the accuracy of which decreases at longer chamber
lengths. The dispersive effect of a radial temperature
profile on the plane propagating waves is ignored. 1In
principle the analysis could be generalized to account
for the negative axial gradient in the mean temperature
(and, hence, in the flow velocity). For the gas rocket
where the gradients are small compared to the mean values
the existence of a finite axial gradient in the mean
temperature leads to corrective terms in the first order
equations. The influence of a corresponding axial gradient
in the mean velocity appears only to second order. It
can readily be shown that these corrective terms are
negligible for short overall chamber lengths and increase
in magnitude as displacement from the injector increases.
The principal influence of a finite temperature gradient
is to modify the wave travel time and to reduce the
instantaneous power loss at the nozzle (that is to de-
stabilize the system due to the decreage in nozzle entrance
Mach number which is proportional to T

o

The product gases in the chamber are assumed to be uniform
in composition and calorically perfect.

Under the above assumptions Mitchell combined the conservation

equations of mass and momentum in the combustion chamber (no energy

addition or removal along the chamber axis) to obtain the Riemann

form of

RY Rl

the equations,

2 o &
(u.+3-_-'a.) + (usa)5- (u+ &) =o

° 2
(w =~ Fa) + (w-a)5 (u- Ea) =0
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Crucial to the analysis is the expansion technique used to ex-
press the thermodynamic and gas dynamic variables. The expansion
parameter is set equal to the steady-state Mach number (a small
parameter in the gas rocket case). The effect of this approach
is to cause the combustion and nozzle effects which are of order

M:p' to be of second order. This method is contrasted to Sirignano's
approach (26, 27) where only the difference between the admittance
functions is considered small to first order. Thus, to first

order the combustion driving and nozzle damping influences are

zero and the perturbations in the thermodynamic and gas dynamic
properties are expressed through the simple acoustic equations

in terms of a general first order function which is referred to
here as the wave amplitude parameter, f. In the present work
interest is primarily in the evaluation of the wave amplitude
parameter at the injector ( x = 0 ) and over the period of oscilla-
tion. At x = 0 the relationship between the dimensionless first

order pressure perturbation and the wave amplitude parameter is,

P = 2yMF ° (Vv-2) where -10:0 = e,';:

A second order analysis is carried out in order to determine a
single nonlinear ordinary differential equation governing the
form of the wave amplitude parameter at the injector end over one
period of oscillation. For a general combustion zone boundary
condition, constant Mach number at the nozzle entrance, and the
cyclic time conditionl, the equation takes the form (see Appendix
A)

4f  _ B! wy
[F(O)-k] d.e - J"" -F(O) =2 M%‘_l) (V-3)

1 It is required that all thermodynamic and gas dynamic variables

be periodic (with period 2) in the "stretched" dimensionless
time coordinate O as discussed in Appendix A. For the non-
linear equations describing the combustion chamber the use of
a stretched time coordinate eliminates the appearance of
secular terms in the second order equations and allows the
determination of periodic solution with a frequency slightly
different from the acoustic frequency.
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where the functional form of the perturbation in the particle
velocity referenced to the injector end, U2o , must be determined
as the necessary input from the separate analysis of the com-
bustion zone and of the response of the combustion process to

to pressure oscillation. Mitchell shows that Equation v-3

can be solved directly for the nonlinear, finite amplitude form
of f or linearized to determine the linear system response. 1In
the case of shock type waves, k 1is interpreted as the average
value of f at the shock discontinuity which is assumed to bhe at
X = 0 at 8 = 0. In the linearized analysis k must be determined
as a result of the linearization and is simply related to the

first order correction in the period of oscillation.

C. Turbulent Flame Model of the Gas Rocket Combustion Process

The results from the temperature measurements and the direct
photographs reported in Chapteir IV support the concept of a
structured finite-dimensioned turbulent flame zcre. The photo-
graphs indicate that the steady-state H, + Air combustion process
is characterized by the existence of turbulent flames - or flamelets -
centered at each injection port of the choked-flow showerhead
injector and extending axially into the combustion chamber. The
temperature measurements confirm the presence of strong radial
inhomogeneities in the local thermodynamic and gasdynamic properties
within the combustion zone (defined in terms cf the total chamber
cross section and the axial distance from the injector to the peak
in the temperature profile and the end of the luminous zone in the
direct photographs) and indicate that combustion is complete within
a few centimeters of the injector with the attainment of the adiabatic
combustion temperature. The results with the H,, CO, and CH,
systems support the concept of the importance of gas phase kinetics
in determining the response of the combustion process to the
pressure waves. These considerations in addition to the apparent
factor of two discrepancy between calculated and predicted overall
activation energies suggested that the expression of the energy
release rate in terms of a turbulent flame speed proportional to
the square root of the Arrhenius factor, ( ~ e~ EoRT ) might
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be appropriate.

In addition, the direct photographic information and the
axial temperature profiles provided a basis for estimating the
residence time of the propellant gases in the combustion zone.
Based on the injection port velocity {( & (3.6 x 104 cm/sec)) and
the measured axial extent of the combustion zone (1 to 4 cm) this
stay time was estimated at 3 x 10™° to 1074 seconds®. The ratio
of this characteristic time to the measured period of oscillation
is (e (10'1 to 107%)), (see Table II, Chapter III page 80 ).

This comparison suggested that a quasisteady2 treatment of the
combustion zone would be appropriate.

With these considerations in mind Crocco formulated an
improved model of the gas rocket combustion process. The model
was refined and analyzed in the course of the present work. For
reasons noted at the end of this section and in Section D, it
was subsequently felt that a more physically realistic model of
the combustion process could be constructed. However, insight
gained in the development of the original turbulent flame model
in addition to the qualitative results of that model proved
invaluable in the later analysis.

As noted in Section B, the objective of the combustion
modelling aspect is to obtain an expression for the perturbation
in the particle velocity at the injector end ( x = 0) in terms
of the perturbations of the thermodynamic variables (ultimately in
terms of the pressure perturbation). 1In the following developments
all thermodynamic variables are nondimensionalized by their steady-
state values at the equilibrium adiabatic burned gas state, veloci-
ties by the sound speed of the burned gases, axial position by
the chamber length, and time by the wave travel time ( LC*/m-E; )

1 It will be argued in Section D.4 that a more realistic estimate

of the residence time of the combustion zone must take into
account the velocity decrease due to expansion (chamber filling)
in the zone.

The term quasisteady used in reference to this model is not
precisely accurave. An unsteadiness in the burning process
was allowed due to the oscillation of the unburned gas volume.
The residence time of both the unburned and burning zones was
considered short compared to the period of oscillation.

P gk
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in the burned gases, neglecting the influence of the mean flow.
The combustion zone was assumed to take the form of non-

interacting cone-shaped turbulent flamelets as shown in Fiqure V-1

wherein nonsteady erfects arise Adue to the sensitivity to the

pressure oscillation of the burning r-te, the injection mass

flux (in the case of unchoked propellant injection), and the

overall flame geometry or volume of unburned gases.

Turbulent
Burning Zone (Surface Area, S)

2 1 1 Ps55

N ~wa 2 << le
A2 >VileD

Unburned Gas
(Volume = Vu)

Burned Gas
Figure V-1

With regard to the analysis based on the turbulent flame struc-
ture of Figure V-1, the following points were considered:

(1) Combustion occurs in a turbulence thickened flame zone
extending from the lip of the injector port. The appropriate
turbulence regime is that of high intensity small scale turbulence
such that the turbulent mass burning rate can be evaluated in terms
of a turbulent flame speed (St) and a mean burning area (S ).

The turbulent flame speed is in turn expressed in terms of a
laminar flame speed (SL) modified by a turbulent eddy conductivity
(kT).

(2) Vu is the finite volume of unburned propellant gases
within the flame cone and is sensitive to the oscillating pressure
by virtue of fluctuations in the location of the burning surface
on the time scale of the pressure oscillations. However, the ratio
of the unburned gas volume to the turbulent flame reference sur-
face area,v“/s is assumed to be time independent. For appropri-

ate geometry the ratio is calculable in terms of the injector port
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diameter, for example,
b for conical geometry

(3) £ is a reference length chosen so that during non-
steady burning the condition A- L/ V,> 1 is preserved. Con-
sideration of the mass conservation equation across A-g allows
the derivation of the appropriate boundary condition applicable
at x = 0.

(4) By virtue of the estimate of short residence time in
the combustion zone compared to the wave travel time (and 6
below) the approximation of combustion at constant pressure is
valid. Furthermore, the condition that £/, ,<<1 allows

1°u. t*) = ‘Pblé) “P('f) )' f“:fz._b :f?e

(5) The negligible Tres,u /1’,--- argument also allows the
approximation that A, and Tu are uniform at each instant.
Furthermore, the intense level of turbulence in the volume
(A-2 - v ) makes the approximation of uniform Ty and ,Ob at
each instant acceptable despite the fact that %es,s in the
burned gas volume may not satisfy the condition ?’,.,,‘., / Trer<l.

(6) The approximation that f""o‘/r,,,,.«land the assumption
that the actual volume of the burning zone is small reduces the
energy balance across the flame zone to a simple jump condition
and in a sense supports the treatment of the turbulent mass burn-
ing rate in terms of an integrated steady state relationship. The
hot and cold side boundary conditions remain unchanged during non-

steady kurning according to the model. That is,
4T
A% |
Thus, the condition T = T+ }/Cp is applicable during non-

20 ot Tu and 7

steady burning.
Under these conditions the continuity equation across the

control volume A4.£€ is written as

- L d
o= et S| pves ol AL-v)f (v-4)
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which simplifies to
: ; ol
m =, + (1-6:) ¢ PuVe) - (PuVa)

where

dgo Ty
o é

)

&, = 7-“/7'5

Po = foTh = puT

and M = g s AL oé/hvé(f
The term s»g is interpreted as the total rate of change of
burned gas mass in the combustion chamber relative to the x = 0
position, By formulating the combustion zone boundary condition
in this fashion the gap is bridged between the wave dynamics
analysis requirement of a boundary condition at x = 0 and the treat-
ment of a finite dimensioned flame zone extending beyond x = 0.
Perturbations in 0'7‘," lead directly to perturbations in &g

A second continuity equation valid across the flame intro-

duces the turbulent flame speed, Sy. as

Vu
= SSe + Zlpviy |, s %
whence
S .
2.‘?6%1/@ + s (purn> = I, (v-7)

is considered as an ordinary differential equation for the in-
stantaneous mass (‘puv:_) within the turbulent flame cone. The
equation can be integrated to yield

Se (e

¢ T
g ¢
. 7 - t
f 7, (¢ )[ e = /o(-é' (v-8)
- a0

where the lower limit is set equal to -a since (/ou-u; ) is
considered to vary periodically at times sufficiently long such
that starting transients have become negligible. Only the limit-
ing periodic solution is relevant. Hence,

d : Se

g PuVa)y = 270> = 5 (Vi S
For the case of isentropic variation of the unburned gas

properties
ol L Ten Vu-!
o(-@u/g Ju

U}
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Applying the jump condition across the flame

dl“ Tb - b'“_-_' r-R

— ¢

d L P Jur

Substituting these expressions into Equation V-6 an equation for
the perturbation in mass efflux from the combustion zone extra-
polated to the injector face is obtained as

leal

‘o = o t , oL
eh e o Torfrayy . ek erfae T L]
- oD

To determine the nonsteady combustion zone response all
thermodynamic variables are expanded about their steady state
values. The nonsteady flame speed is coupled to the pressure
oscillation by expressing the instantaneous flame speed in terms
of the steady state value plus a perturbation proportional to the
oscillating pressure at the injector. There is no lag in the
response of the flame speed. Thus

St=§t[1+£10f] S =80

2

Spalding's centroid rule is employed to relate the steady state
value cf the flame speed to a temperature explicit reaction rate

in the following form

: [ . ke S;‘Rc?m% ]é

t A (i‘b-T‘t) E’l/al:- ﬁ A
where
= = o= —m '-EykT
MR AV
"
A= L5 6L (1-7)-43(I-%) Pe T-T
To~Te

For a bimolecular, second order rate law the expression for the

flame speed reduces to

o. [ LS AWA TS ] i[ 6-(6-033[60-5.]-[.5.-5,_]}’/‘
ATy

3 e
t ¢, (1-8;)

¢
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where E. =

3 Ej () = exponential integrals, H = E/RTy

0‘,. . VE; = unburned reactant mass fractions
bty Ne

¢ = pre-exponential factor

The proportionality factor or response function in the
flame speed expansion is evaluated _n terms of the steady state

expression as

2 = ﬁ&—JS_.
Se A
The possible sensitivity of the injection mass influx to the
oscillating pressure at the injector is accounted for by express-
ing the instantaneous mass flux in a similar Taylor series ex-
pansion about the steady state value,
m (D
_éﬁ_ =1 - ¢ P°)
m
where the response function, ¢ , is evaluated in terms of the g
steady state expression for isentropic flow through a convergent

port. This expression is presented in Section F.2 in connection

with the final model. For the case of choked propellant in-

jection, the condition
¢y =0 | ™, = m

is observed. e T
! . M= M ° : .
The relationship between o and W, is straight-

forward. When the mathematics are completed, a concise nonlinear,
ordinary, integro-differential equation governing the form of the

wave amplitude parameter is obtained as.

a e _dle-tD
frome §1 = 25 -3 “ns * G
8 t
) o (V-10)

where A, B, C = Functions of ( ¥u, O, S, ¢

and 5,
Le /mCr
g = §$ = o wave travel time
X 7 * =  combustion time
Comp
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The solution of the governing equation for the case of
finite amplitude discontinuous shock-type waves required two
separate analyses. The final expressions derived for §t and

2 are algebraically complicated and depend in a rather in-
volved fashion on the important system variables. A Fortran IV
computer program was developed to evaluate these parameters and
to determine the range of values for the parameters A, B, C, and
S appearing in the governing ODE corresponding to realistic
values of the important system variables. A second program was
developed to facilitate the solution of equation V-10. An
iterative technique using the method of successive approximations
and based on a scheme employed by Sirignano (8l) to solve a
similar equation arising in the study of nonsteady burning of
a solid propellant rocket motor was applied. The method of
solution and the program developed were applicable with slight
modifications to the solution of similar governing equations de-
rived in the course of the evaluation of subsequent combustion
models. Discussion of the numerical technique is deferred until
Section F.4 where the final form of the combustion model ulti-
mately developed is obtained.

It has been noted that this original turbulent flame model
proved to be unacceptable. The decision to reject the model was
based on several important considerations regarding the mechanism
of turbulent combustion in the gas rocket. The inability to ob-
tain reasonable quantitative agreement between the original model
and experimentally measured stability characteristics under-
scored the inadequacy of the turbulent flame model.

D. General Considerations Leading to a Reformulation of the
Combustion Model

For purposes of discussion the factors influencing the de-
velopment ¢f an improved analytical model of the gas rocket com-
bustion process are conveniently categorized as follows:

(1) Questionable aspects of the original turbulent flame
model and the inability to obtain satisfactory numeri-
cal results for realistic values of the important
system parameters
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(2) Experimental results derived from the schlieren and
shadowgraph studies of the steady and nonsteady com-
bustion zone

(3) Reconsideration of the basic nature of the combustion
process in the gas rocket drawing on the available
literature concerning turbulent combustion, flame
stabilization, and calculations and experimental
evidence for the importance in the gas rocket of
strong recircculation of hot product gases

(4) Critical examination of the order of magnitude of the
characteristic chemical kinetic time compared to the
period of oscillation observed experimentally.

These points are elaborated upon in the following paragraphs.

D.1 Influence of the Original Turbulent Flame Model

The turbulent flame combustion model developed in Section C
is similar to the earlier analyses of Merk discussed in Chapter II.
The difficulties realized by Merk in obtaining predictive results
from his analyses were similarly encountered in the numerical
evaluation of the combustion zone response and the coupled system
ODE (Equation V-10). The inability to obtain quantitative re-
sults for realistic choices of the basic system parametersl is
not surprising in view of (a) the emphasis on the importance of
the isentropic response of the thermodynamic properties of the
unburned gases to the pressure oscillations, and (b) the expression
of the mass burning rate in terms of a turbulent flame speed ex-
pression and the fixed volume to surface area expression. The
burning rate response in the model is due explicitly to the
response of the turbulent flame speed to the pressure oscillation
and implicitly to the fluctuation in qhv;). The overriding
importance of the specific heat ratio of the unburned gas, Je

in determining the nonsteady burning characteristics derives from

1 The system parameters incorporated in the model included the

propellant equivalence ratio, the overall activation energy,
the heat of combustion, the thermodynamic properties of the
unburned and burned gases, the chamber length and the oscilla-
tion mode order. As noted in Section C the governing non-
linear ODE was solved successfully using the iterative tech-
nique discussed in Section F.4. A well-defined range (in
terms of A,B,C,3 , S, ) of discontinuous shock-type solutions
was found. The appropriate numerical values of A,B,C, corre-
sponding to discontinuous solutions could only be obtained
for realistic values of E for 8«2 1.6 or conversely for
realistic choices of yu , E > 60 to 80 was required.
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the assumed isentropic response of the unburned gas in the volume
Y. - The response of the flame speed is zero in the absence of
unburned gas response. Allowing for the possibility of a sensi-
tive volume of unburned gases within the combustion zone the ex-
pression of the burning rate by means of a Damkohler-type tur- i
bulent flame speed expression evaluated in terms of a laminar

flame speed modified by an appropriate eddy conductivity is limit-
ing. As one quickly realizes upon recourse to the volume of |
literature on turbulent combustion phenomena (e.g., (130-144)),
the very concept of a turbulent flame speed referenced to an

appropriate surface area is nebulous and little agreement exists
among various investigators in the field with regard to flame i
speed calculations. This is especially true for the region of |
high intensity small scale turbulence characterizing the gas
rocket combustion process and to which the Damkohler expression
is restricted. It can be argued that within certain regimes of |
turbulence a turbulent flame appears to propagate in a one-di-
mensional fashion similar to the propagation mechanism in a simple
laminar flame. Considered as an in-depth 1-D reaction zone and
analyzed by a simple thermal model where the turbulent diffusivity

€ replaces ”Vfc, , Summerfield (132) has shown that the é

similarity relationship

S¢de Sclo

€ Y-

where dt and dl are the respective thicknesses of the turbulent
and laminar flames may be relevant.

Regardless of the formulation chosen the question of the
basic validity of the turbulent flame speed concept remains,
particularly (as will be shown) in view of the characteristics
of the gas rocket combustion zone. In the present case introduction
of the turbulent flame speed and the surface area to define the
burning rate leads to the inclusion of the unknown (arbitrary)
eddy conductivity and a specified Vu /8 ratio. (The Summerfield
similarity hypothesis would further complicate matters with the
introduction of the turbulent flame thickness as a second arbitrary

parameter.)

ok ’ N
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D.2 Influence of Schlieren and Shadowgqraph Observations

The principal observations made on the basis of the spark
and high speed schlieren and shadow photographs have been noted
on pages 150 to 170 of Chapter 1V. As indicated tbe optical
work was carried out in conjunction with the analytical develop-
ment of the combustion zone boundary condition. The following

observations are emphasized:

(a) The assumption underlying the combustion zone response in
the turbulent flame model seemed unrealistic. The assumption
of a finite volume of uniform unburned premixed propellant
(volume large with respect to the actual burning zone)
fluctuating in size and responding isentropically to the
pressure oscillations was not substantiated. There was, in
fact, no evidence that the region of unburned gases which
was correlated with the underexpanded portion of the choked
jets plays a critical role in the combustion process. Indeed
a more likely circumstance is that the unburned gases are
relatively insensitive to the pressure oscillations.

(b) The postulated thinness and overall constant geometry of
the burning zone was not substantiated. ©n the contrary and
in agreement with the direct photographs and the axial
temperature profiles the "combustion zone volume" was ob-
served to be large in comparison with the zone of unburned
gases. The combustion zone was observed to oscillate in
overall extent in response to the pressure oscillations.

D.3 Basic Considerations on the Gas Rocket Combustion Process

With the completion of the combustion zone diagnostic ex-
periments and the analysis of the initial turbulent flame com-
bustion model the principal features of the combustion process
in the gas rocket had been clarified. Obviously the turbulent
combustion process is quite complex and there is little hope for
an exact detailed analytical expression of the rhenomena. At
best one can only attempt to account for the gross aspects of the
process.

Oone of the most useful early approaches to the general prob-
lem of turbulent combustion is that of Summerfield ( 132 ) who
distinguished three regimes of turbulent combustion depending upon

the characteristic ratio of mixing to combustion time, %, /7%
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A regime of weak turbulent combustion where rm.-.‘/q-c >>4 is
amenable to analysis in terms of a wrinkled laminar flame where
burning proceeds over an enlarged surface area but locally at
essentially the laminar flame speed characterizing the unburned
propellant. With increasing turbulent intensity a regime of
stronger turbulent combustion, 7Tmix/s3, 21 is encountered.
Turbulent burning occurs in this regime in a distributed in-
depth reaction zone which can be analyzed by a simple thermal
model. It is for this intermediate regime of turbulent combustion
that Summerfield's similarity relationship Sede/g = Sude/sr
was proposed. Combustion is limited in this regime by the cri-
terion that sufficient time (eddy lifetime) exists for combustion
to proceed within macroscopic eddies according to the laminar
microscale laws of heat conduction and diffusion. Thus for the
cases where TM/yy I 1, combustion in a turbulent stream
essentially resembles laminar flame propagation. A consideration
of the published studies of turbulent flames (130, 132, 134, 138)
reveals that typically such flames for hydrocarbon fuels are
stabilized on burners at atmospheric pressure up to mean port
velocities (e-(lo2 cm/sec)) by the mechanism of self propagation
of the flame into the unburned premixed gas by means of turbulent
diffusion and heat conduction. Stabilization of turbulent flames
at the lower end of the 'm/x/#% range (% 1 ) and in streams

with velocities up to 3 x 103

cm/sec is only achieved by surround-
ing the burner port with a hot sheath of product gases from a
pilot flame.

Summer field distinguishes a third reqime of turbulent com-
bustion where Tmix /e < 4 . For sufficiently intense levels of
turbulence in the combusting stream (achieved by virtue of in-
creased flow velocity and Reynolds number, higher pressure drop
across the port, large radial and/or axial gradients of velocity
at the burner port) the turbulent eddy lifetime becomes short com-
pared to combustion times and a vigorous stirring of unburned re-
actants and product gases is achieved. The ideal upper limit of

7hﬁi/gv1. = 0 corresponds to the well-stirred reaction zone,




F !

189

an extended zone of uniform composition and temperature where
overall burning rates are high and the concept of a turbulent
flame speed meaningless. Such flames are approached on open
burners only in the presence of intense pilot flames. In practice
turbulent combustion in high velocity, U » 5 x lO3 cm/sec,
premixed streams corresponding to Summerfield's regime of

Tmin/Te < 1 has only been achieved in enclosed systems where
the mechanisms of flame stabilization and propagation bear little
resemblance to those characiterizing the lower turbulent regime
open burner flames. In the following paragraphs it will be
shown that the steady combustion process in the gas rocket must
properly be considered to lie in this third, 7Tmi/#e < 1,
regime. In Section E, a realistic model of the steady combustion
process in the gas rocket is developed.

For the H2

burned premixed propellant is admitted to the combustion chamber

+ Air system with showerhead injection, the un-

~

in streams having port velocities, U;/< 3.6 x 104 cm/sec and
Reynolds numbers based on port diameters (&(6 to 8 x 106)). The
corresponding pressure ratio across the injector, p.,; = nix are

7Pe
(9(2.0 to 3.5)) with the effective area expansion ratio of

A > /150
CA%»uc°nﬁn¢3 - /’1

For the range of § and ﬁ‘tot considered in the experimental work

and in view of the diagnostics results a conservative estimate of

the "space heating rate" ( qtot' —S%l ) under typical near limit

cm secC

conditions for the H, + Air system can be made,

2

Q - ”; Q v— -
Z‘ro'r = T M2 Z”‘
For Veomb
£
P =a.40 Gu, = 2.87 %10 ‘-‘“’/amuz
V'”‘.- .02 -ﬂ S 7.8otm , ”"'-ro-r" a?é'ams/sec

The combustion volume is conservatively estimated on the
basis of Figures IV-38, 39 which indicate an axial extent of the
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combustion zone to be (®(2.5 cm)) for the above conditions,

Ve = 9[(-55" )Lc] ® 9[“.1‘"""2-5&-\'] = ® (adend®)

Nyeleg
' = 6[25‘x ole2 x 2.87 /04/,13] = 9( 400 2o
g'ror 4 ’ " B cm®sec )

As pointed out by Longwell (113), space heating rates of
this order can only be rationalized on the basis of a high
intensity turbulent combustion model. 1In order to achieve complete
combustion of this intensity a strong mixing of unburned, reacting,
and product gases must occur. It is clear that the extremes of
injection Reynolds No., pressure drop, and velocity must lead to
large radial and axial velocity gradients near the injection port
and generally to high levels of turbulence in the mixing zones
of the expanding propellant jets. Within the mixing zones of the
propellant jets the high intensity turbulence will naturally lead
on the microscale to rapid dissipation of local fluctuations in
temperature and composition. The question arises as to the
mechanism by which hot product gases are supplied in sufficient
quantities to the jet mixing region to sustain the steady high
intensity combustion process in the high velocity streams.1 In
this regard it is helpful to consider the one-dimensional, dealized,
steady-state integrated momentum equation for the control volume
surrounding the expanding propellant jet. As shown in Figure V-2,
the propellant jet expands from a single port to fill a tube of

cross-sectional area, Aogs = Ao/nport'

. The injection conditions in the gas rocket can be compared to

those used bv Longwell, Hottel, Blichner, and others (118, 120,
121, 122, 126) in the so-called well-stirred reactors. As in
the gas rockct, injection of premixed gaseous reactants into
the small volume of the stirred reactor is achieved by means of
numerous underexpanded scnic jets. A steady combustion process
in the stirred reactor is assured by the presence of the
opposing outer wall upon which the propellant jets impinge.

A vigorous stirring of products and reactants occurs in the
zones between the jets.

- ’
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Figure v-2

For this illustrative calculation the effect of combustion is
simply to influence the burned gas thermodynamic and gas dynamic
properties and the fully expanded plane, f .

The momentum equation for the control volume, assuming no

transverse fluid motion across the control volume boundaries, is, i

P A, + Lo Aess-R )+ Ml = PF Aesf * iy s (V-11) |

For the case of unchoked mass injection flux the static pressure
in the injection plane in the volume V surrounding the jet is

equal to the static pressure in the injection plane (1) of the jet #
and EquationV-11 simplifies to, %

. M ess
1Q3"P4= - = (uw; ~lA”;§
Ress ,
where . mh =y = s / Niotes

In this case the momentum equation must be solved simultaneously
with the remaining conservation equations for the control volume.
Solutions for the local static properties in the injection plane
have been obtained numerically for a range of injection conditions
in connection with the experimental study of the influence of the
injection Mach number on the nonsteady burning process. Typically,
due to the gas rocket injection condition of U; > Uy the in-
jection pressure is alwavs slightly less than the steady down-

stream pressure, that is P; = Py < Pg -
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For the typical case of choked underexpanded mass injection
flux the static pressure in the jet injection plane, P
termined by the upstream stagnation conditions in the mixing

chamber, P # 4Ps . The momentum equation can be solved for
the pressure in v, at the injection plane,

is de-

P = P+ Aess - PR — mess (u;-ds )
(Pets - A G

For typical H, + Air combustion, §=2.0

mtot = 25 gms/sec, Dholes = 10, meff = 2.5 gms/sec
P = 7.8 atm = 7.90 x 106 dynes/cm2

ug = 103 cm/sec

_ 4
uy = Ci = 3.6 X 10 cm/sec
= ~ =
Prix 2 pstag = 19.4 atm, P; .52 Prix 10.1 atm
2 _ 7 2

cff = 0.91 cm P; = 1.025 x 10'dynes/cm

Ai = 0,006 cm2

Thus, for L/ which is true for all showerhead injection
4({-} o< 1 J

conditions in the gas rocket

A, : :
s ¥ Ps - Aets 1% = Tefs (-

Ress (V-13)
m - i
& (s8x10* %427 8(9. 6 xs0% 1827
cmt Ccmi
and under the above conditions an estimate of the pressure
difference between the injection plane and the fully expanded
section in the volume A/ is obt.ined as,
S dygnes :
Pr-Ps = L 6&x/0 7% ~ ;2 atm = 2 pse
c,m"
p . A ks ” s " =~ ol s
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Thus, for the showerhead injection configuration of the gas
rocket under both choked and unchoked injection conditions, there
exists an appreciable rise in static pressure between the injector
face and the fully expanded flow section. The additional term
appearing in Equation indicates that this pressure recovery
is larger for increased jet underexpandedness. Clearly a strong
pressure driving force for recirculatory flow of combustion products
from the downstream portion of the expanded jet upstream toward
the injector is present during combustion with the showerhead
injectors.

The contrast between the combustion process in a laminar or
"conventional" turbulent burner flame and that in the gas rocket
is emphasized. In the conventional system a slight pressure drop
(e-(lO—5 atm)) and a strong (e(6 fold)) velocity increase due to
product expansion in the vicinity of the flame are typical. 1In
the gas rocket combustion process (neglecting for a moment the
effects of jet underexpandedn<ss) a pressure rise occurs along the
axis and is estimated at some 4 orders of magnitude larger than the
pressure drop experienced in the conventional flame. Furthermore,
due to the chamber filling expansion process in the gas rocket a
velocity decrease by a factor of (€(0.02)) occurs.

The intensity of the recirculatory flow of hot products
accompanying the pressure gradient near the injector can be esti-
mated. Considering the volume surrounding the expanding and com-
busting jets to be composed of product gases at the adiabatic
burned gas temperature (neglecting heat losses to the injector
and to the surrounding chamber), for é = 2.0, Ts = Tb = 1644 oK,
and /D; = ID" = 1.58 'x 10-3 gms/sec, Bernoulli's equation pro-
vides an estimate of the maximum velocity achievable in a stream

tube due to the predicted pressure gradient,

él( 7et:1?5)9&. = /.3:1104!°”Véoc
P*

Certainly the calculation overestimates the actual velocity

(245)”n~* =

realized in the recirculation zone, but the point should be clear.

vy .——.—.—-__“
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For the geometry of the gas rocket injection scheme the fluid
dynamics serves to provide the mechanism of flame stabilization
of the combusting high velocity propellant jet as well as to
satisfy the macroscale mixing requirement responsible for the
measured intensity of the combustion process. Reaction must be
initiated in the mixing zone of the expanding jet by the forced
recirculation of hot product gases to the base of the jet followed
by the microscale turbulent exchange of mass and energy between
hot proa:cts and the unburned gases.

In many respects the mechanism of turbulent combustion in
the gas rocket resembles that in the so called '"tunnel burners"
where stabilization of combustion in a high velocity field is
similarly achieved at a discontinuous expansion in cross-sectional
areas. Ievlev (138) probed the pressure field in the vicinity
of the step change in flow area and determined the extent of the
finite regime of reverse flow. This measured zone of "negative

pressure" was observed to enlarge with increasing injection velocity |

and decreasing A For injection velocities (€(3 x 103 cm/sec))

blowoff occurredpggtthe absence of a stabilizing tunnel surround-
ing and extending downstream from the burner port.

The importance of the recirculating flow of product gases in
the flame stabilization process has been evidenced in several of
the gas rocket experiments discussed in this work. Prior to the
CO system studies a series of experiments was carried out to de-
termine the stability characteristics of the CH4/02/N2 system at
mean P_ = 7.8 atm with choked showerhead injection as a function
of the equivalence ratio and the chamber length. Bowman reported
the results of a single series of experiments with CH4/Air and
CH4/(.4O2 + .6N2) at L, = 54 cm. While he observed nonsteady
burning of the CH4/Air system at the stoichiometric mixture ratio
at the shorter L. for L. = 104 cm the stability limits were
found to lie slightly off stoichiometric (see Figure V-17 in Section
F of this chapter). 1In order to achieve combustion stabilization

at the off-stoichiometric mixtures, it was necessary to increase
the total propellant mass flow rate by about 20%, with an attendant !
increase in the injection pressure ratio, fOa; = Lo of about 8%.

At the lower total mass flow the blowoff limit was found to lie

L _ W . . A o . Atk AN A e
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close to P = 1 and within the system stability limits. The
obvious implication is that a more favorable mixing process be-
tween hot products and unburned propellant is achieved with the
higher mass flux and corresponding higher pressure ratio across
the injector. It is of interest to note that Hottel (121, 126)
observed precisely the same influence of mass flux and injection
pressure ratio in a stirred reactor study. Shinnar (127) and
Spalding (139) as well as Hottel interpreted such behavior as
evidence for the improvement of mixing on both large (product
recirculation) and small (local mass entrainment and turbulent
exchange between products and reactants) scale.

It was noted in Chapter IV that a significant distortion in
the geometry of the combustion chamber in the vicinity of the
injector (achieved by removing the inner windows in the windowed
combustion chamber section) prevented combustion stabilization
with the H,
geometry change is on the nature of the turbulent recirculation

+ Alr system. Again the principal influence of the

pattern associated with the injection process.

Finally it is of interest ‘o note the effect on the system
blowoff limits of decreasing the injection pressure ratio and Mach
number by increasing the injection port diameter. 1In the series
of experiments discussed in Section G of this chapter the in-
fluence on the stability characteristics of decreasing Minj and
Pinj was determined for the H, + Air system. A systematic de-
crease in the blowoff limits ( Q ) of the system occurred as
Aport increased and Pinj’ Minj
injector port area and injection Mach number was reported by
Hottel (121) in the stirred reactor work.

In Section E a model of the combustion process accounting

decreased. The same influence of

for the presence of a strong recirculation of product gases de-
veloped. For the moment note that the fluid dynamic loop is

complemented as far as the recirculated product gas is concerned
by virtue of the high entrainment capacity of the high velocity

expanding jets.
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D.4 Consideration of the Important Characteristic Times in the
Gas Rocket Combustion Process

Earlier analyses of the nonsteady burning process in the gas
rocket including the Sirignano-Crocco model and turbulent flame
model were based upon the premise that the characteristic com-
bustion time was negligible compared to the characteristic time
of wave motion - the period of oscillation. The assumption
facilitated a quasi-steady treatment of the burning process al-
though a nonsteady effect of volume oscillation on the time scale
of the pressure oscillation was included in the turbulent flame
model. In addition the assumption eliminated the characteristic
combustion time as an important parameter influencing the
theoretically predicted nonsteady burning characteristics of the
system.

In view of the correlation between the dark zone length in
the direct photographs and the length of the underexpanded super-
sonic zone in the schlieren and shadow photographs there is justi-
fication for the statement that the residence time of particles
in the unburned gas zone ( 770:,«. ) is negligible compared to
the period of oscillation ( 7per ). Taking the sonic velocity
(e(3.6 x 104 cm/sec)) at the injection port as an estimate of the
mean velocity in the unburned gas zone and noting the measured
length of the zone as (6(0.5 cm) an estimate of Tres,u_ = 9(/0")$¢Q
is obtained. For reference purposes Figure V-3 shows a plot
of the frequency of the experimentally observed fundamental mode
oscillation as a function of the propellant equivalence ratio and
chamber length for the H, + Air system. The equivalence ratio
plotted corresponds to the lowest @ at which the fundamental mode
is observed for the chamber length noted. At Lc Z 38 cm a
narrow regime of second harmonic mode oscillation is observed at
the lower @ . For the second harmonic mode oscillation the
period of cscillation is nominally 7per,e = z 77-0»,:. . Thus the
ratio %es,u /Trer < &L02) is observed.

on the other hand, the approximation that the residence time
of the combusting propellant gases in the burning zone ( 77‘“,6 )
and the assumption that the characteristic chemical time due to




r

197

3.0

102
$

N
[+
T

®
n
~

N
N
T

76
®

EQUIVALENCE RATIO ,
N
w

2.4
5?+

2.3}k 38 /

&

L=I9/
2.2 ¢ %
L

i L 1 | A
o) 50 1000 1600 2000 2500 3000 3500
Tperion ( 4s€C)
MEASURED PERIOD OF FUNDAMENTAL MODE OSCILLATION AT LIMIT

AS FUNCTION OF EQUIVALENCE RATIO ()
AND CHAMBER LENGTH (L¢)

FOR H,+AIR P; =7.8 atm, 3| HOLE SHOWERHEAD INJECTOR

FIGURE X -3

TR U T N T e U e ——

T N L ey



198

kinetics (7 ) are negligible compared to %, must cer-
tainly be reconsidered. Note that %, does not necessarily equal
7’r¢s,b

Clearly the residence time of gases in the burning zone is
dependent on the aero-thermodynamic structure of the injection-
mixing-combustion process as well as the chemical properties of
the reacting propellants. The characteristic chemical kinetic or
reaction time is likewise dependent on the local thermodynamic
properties of the reacting mixture in addition to the chemical
nature of the reactants. The oft-repeated statement of investi-
gators in the liquid and solid rocket propellant fields (particu-
larly those concerned with the nonsteady burning characteristics
of these systems), that characteristic chemical times are too short
(to be limiting) with respect to oscillation periods is misleading
and, as will be shown, perhaps inaccurate in light of currently
available reaction rate data. Culick has recognized this point
in his discussion of the nonsteady burning processes in solid
propellant rocket motors ( 24).

On the basis of the diagnostic experiments and in light of
the combustion zone structure as discussed in this chapter only
a limiting range on the combustion zone residence time can be
specified. Unburned propellant enters the combustion chamber at
sonic velocity and passes through the turbulent combustion zone
surrounding and extendinj downstream from the underexpanded un-
burned gas zone. At the end of the combustion zone fully combusted
and expanded product gas is emitted at a mean chamber velocity
((0.5 to 1.5 x 103 cm/sec)). Estimating the overall extent of
the combustion zone at between 1 and 5 cm a range of possible
residence times, €(3 x 1072 sec to 1 x 1073

In comparison with the observed oscillation periods of Figure V-3,

sec), is possible.

it is likely that Tres,n  commensurate with %pe» ic realized
in the gas rocket combustion process.

With regard to the possibility that the characteristic
chemical kinetic time appropriate to conditions existing in the
combustion zone may not be negligible compared to the observed

?;,, and may indeed be of importance in determining the non-

-—1--.—1
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steady burning characteristics of the system, the following

points are noted:

(1)

(2)

(3)

The combustion instability data of Bowman (32) with the

Hy + Air propellant system - Figure II-9 , (showerhead
injection system) and of Pelmas with the CH, + (.40, + .6N2)
system (porous plug injection) - Figure II-7 , delifieate
distinct regimes of harmonic mode oscillations. As noted
by Bowman and in light of the observed longituvdinal mode
instability characteristics in liquid rocket systems,

these data are suggestive of the existence and importance
of a finite characteristic combustion time relative to

the period of oscillation.

The inference that the important characteristic time must
be fundamentally related to a characteristic kinetic or
reaction time (that is, the system does not appear to be
mixing limited) follows from the stability limit data of
Bowman with the H,/0,/N., system, Bowman and the present
author with the C§4/62/ﬁ system, and the present author
with the CO(HZO)/O /N- system with and without CH, additive.
These data have clgarfy demonstrated the importanée of
the adiabatic combustion temperature and the propellant
reactivity or overall activation energy in determining
the nonsteady burning characteristics of the system.

The similarity between the nonsteady burning characteristics
of the CH,/Air and the CO(H,O0)/Air systems strongly

supports %he conclusion tha% gas phase kinetics is a
limiting factor in determining the combustion zone response.
Both systems support nonsteady burning at and around the
stoichiometric mixture ratio with steady combustion
occurring at off-stoichiometric mixtures. This experi-
mentally observed similarity was puzzling in the context

of the original Sirignano-Crocco theory and the available
kinetics data. The original theory emphasized the im-
portance of the factor E/RT. The accepted overall acti-
vation energies for the two systems are (©(60 kcal/mole))
for CH,/Air and ({20 to 30 kcal/mole)) for CO(HZO)/Air.
The S-& model predicts substantially different Ty, for
the two systems. Essentially the same Ty4 (e{Z%BOOK)) is
observed in the two systems. As shown in %hapter VI in
the discussion of the experimental results in light of

the combustion model developed in this chapter, it appears
that the oxidation of CO formed as an intermediate in the
CH, oxidation at high temperatures is the rate limiting
stép in the overall process. Thus in a high temperature
combustion system dominated by gas phase chemical kinetic
influences one would indeed expect similarity between the
system response with CO and CH, as the fuel.

F g T
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(4) Estimates of the characteristic kinetic times derived
from the most relevant overall kinetics rate data for
the N,-diluted H,/0O., CH /02, and CO(HZO)/O2 reactions
indicgte that thg cgndit on“of Ye/%per *&¢/> is
possible for the gas rocket combustion process (see
Appendix D).

(5) The radial and axial temperature profile measurements
and the spark schlieren photographs indicate a systematic
increase in the axial extent of the steady-state com-
bustion volume with decreasing & and increasing m £
These observations are consistent with the view thaEo
the combustion distribution is influenced by finite
chemical reaction times.

E. High Intensity Combustion Model

In Section D certain aspects of the injection-combustion
phenomena in the gas rocket were outlined. The fundamental
importance of the forced recirculation of hot product gases in
the annular regions surrounding the propellant jets was noted.
The disparity between the combustion process in the gas rocket
and a conventional turbulent burner flame was emphasized. 1In
this section a physical and analytical expression of the steady-
state high intensity turbulent combustion process is developed.
The ultimate goal is to show that the distributed combustion
zone may be described in terms of volume averaged thermodynamic,
gasdynamic, and burning rate parameters. In Section F the com-
bustion zone boundary condition derived on the basis of the steady
state model is applied to the analysis of the wave dynamics in
the combustion chamber and the coupled problem is solved to de-
termine the nonsteady burning characteristics of the gas rocket
system.

To adequately describe the combustion process associated with
the high velocity, highly turbulent, underexpanded, premixed pro-
pellant jets expanding into the combustion chamber it is necessary
to understand the basic properties of such jets. It has already
been demonstrated that the flow field generated by such com-
busting jets for the injection configuration of the gas rocket
leads to a steady supply of hot product gases to the volumes
surrounding the jets. The works of Hottel (120, 121, 126)
Abramovich ( 130), Spalding (139,141), and Thring and Newby (131)

are particularly relevant.
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The fluid and thermodynamic properties of subsonic, sonic
(underexpanded), and supersonic turbulent jet flowfields have been
the subject of extensive experimental and analytical work. Success
in correlating theory and experimental data in the absence of
combustion has been achieved principally through the application
of similarity principles to describe the velocity, temperature,
and composition profiles in the near mixing field for the case of
jet expansion into a quiescent medium. The most significant
property of such jets in terms of the present discussion is the
extraordinary entrainment capacity exerted by the jets on the
surrounding medium. A high velocity turbulent jet acts as an
efficient ejector to aspirate gas from the surroundings into the
mixing zone of the jet and thereby evidences a substantial increase
in the total mass flux within the jet with axial distance from
the jet port. Spalding (139,141) has treated this aspect of
turbulent jets from both a theoretical and experimental standpoint.
He has demonstrated the fundamental relationship between the axial
decay of mean velocity in the jet and the total mass of entrained
gas. An empirical expression was obtained for the functional form
of the rate of mass entrainment in terms of the initial jet mo-
mentum, the density ratio of the entrained and original jet gas,
and the axial displacement from the jet port. Hottel (126) re-
ports that the near flow fields of high velocity, high Reynolds
number jets (subsonic, underexpanded sonic, and supersonic) are
similar and relatively insensitive to the presence of combustion
in the jet mixing zone. As found by Spalding, Hottel observes
that the inlet jet momentum and the density ratio1 are of princi-
pal importance in the jet development. The principal influence
of combustion according to Spalding and Hottel should be (at least
to first order) to modify the density ratio. Earlier Thring and
Newby (131) developed a similarity criterion for isothermal and
combusting enclosed turbulent jets which is essentially equivalent
to Spalding's derived entrainment law.

1 The ratio of the density of the surrounding (entrained) fluid

to the mean density of the fluid within the jet.
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It would seem that the mechanisms by which combustion
stabilization at the injector and steady combustion are achieved
in the gas rocket are similar. It is apparent that the high
intensity combustion process must be initiated and sustained by
the entrainment of hot product gases from the surrounding re-
circulation zone into the mixing zone of the expanding high
velocity jets. Subsequent turbulent mixing of the entrained gas
and the jet flow acts to preheat and dilute the unburned pre-
mixed propellant. Only by virtue of the coupled product re-
circulation and entrainment phenomena can appreciable burning
rates be maintained.

Acknowledging the importance of recirculation and entrainment
the question arises as to the relative importance of the mixing
processes ( %Ym,» ) vis a vis gas phase kinetics ( Je ). 1Indeed
the question of how to go about calculating kinetic rates given
the environment of the gas rocket combustion zone must be answered.
The concept of increasing overall yas phase burning rates by
vigorously stirring unburned combustibles with hot products is
not new. In the limit of "in.inite mixing rates" (in the present
context, infinite entrainment such that é;;"‘*, oo the mixing
time is zero compared to the reaction timz,aue to kinetics and
the combustion zone can be analyzed as a locally well-stirred
reaction volume having uniform composition, temperature, density,
pressure, and burning rate (113, 117, 119). Under these con-
ditions the characteristic time due to kinetics becomes limiting

(Tonin [Te = O). At the opposite end of the scale (r";'/fc ZO0 (1)
it is likely that the entrainment rate becomes of equal if not
greater importance than the kinetic rates in determining the de-
velopment of the combustion process. Spalding (140) analyzed the
problem of the spreading rate of a confined turbulent flame behind
a two-dimensional flameholder for the case when the finite en-
trainment rate of unburned premixed gas into the burning zone was
limiting. He analyzed the case for instantaneous combustion
( Ymin/y >> 1 ).

The harsh environment and small scale of the high velocity

turbulent mixing-combustion zone associated with each propellant

AR
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jet in the gas rocket prevents the accurate measurement of local
thermodynamic properties throughout the combustion zone. Without
such information the precise determination of the relative im-
portance of mixing and gas phase reaction is precluded. One can
speculate on the degree of approach to a zone of well-stirred
combustion. On the other hand, it can be argued inductively on
the basis of all of the experimental stability limit data with
the Co, CH4, and H2/02/N2 systems that mixing effects are of
secondary importance compared to chemical kinetic effects. The ‘
evidence for the primary importance of chemical kinetic factors
in determining the nonsteady burning characteristics of the
system has been noted. Only higher order effects, if any, due

to mixing have been observed (see also Chapter VI). In any case

e

if mixing limitations on the steady burning rate and the non-
steady characteristics do exist the effects should be more
noticeable near the stoichiometric mixture ratio where charac- :
teristic chemical times are minimum. Therefore, the approxima;
tion which will be applied in the analysis, namely, that

'/vmfu,a' /‘Yg«l ,where 7’;»1&,7'_ refers to the time to dissipate
radial thermal, concentration, and velocity fluctuations in the
expanding and combusting jet, is likely to be satisfied for the
H, + Air system where nonsteady burning occurs at lower tempera-
ture off-stoichiometric mixtures. The assumption is recognized
as being weaker in the case of the CH4 and CO systems where flame
stabilization is an experimentally observed problem and nonsteady

burning occurs at higher temperature near @& = 1.

E.1 Well-stirred combustion zone analysis

Initially an analysis of the nonsteady burning 2one was
carried out for th2 case where a finite dimensioned well-stirred
combustion zone surrounds the unburned gas zone. That is, the
limiting case of Mmix/% =0 over the entire burning zone was
examined. Unburned gas admitted to the reaction zone was assumed
to be mixed instantaneously with products with reaction occurring
throughout the entire volume such that the mass burning rate could
be expressed by a simple Arrhenius rate law at the uniform com-

bustion zone ccnditions.
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The aralysis was particularly useful in suggesting a means
for handling the combustion boundary condition for the case of
finite combustion time (applied subsequently in the final com-
bustion model). However, the concept of "instantaneous mixing"
and "infinite recirculation" throughout the combustion zone is
too extreme. While turbulent mixing rates are certainly high
in the gas rocket combustion zone, the presence of a high velocity
mean flow and the absence of an opposing wall as in the Longwell
type stirred reactor should act to spread the finite zone of re-
action. Furthermore, the necessity to consider the locally well-
stirred combustion zone as one of incomplete combustion (in
order to realize non-zero propellant mass fractions and thereby
finite burning rates) accompanied by the experimental observation
of approximately complete combustion resulted in the artificial
inclusion of a thin afterburning zone wherein complete combustion

to products was assured.

E.2 Recirculation-Stabilized, Distributed Combustion Zone Model

The combustion model developed in the following paragraphs
account:s for the principal features of the gas rocket combustion
prucess das considered in the preceding discussion. The basic
goal as stated earlier is to show that for the -nvisioned high
intensity combustion process there exist well-defined and mutually
self consistent values for the volume-averaged properties of the
combustion zone and that the steady gas phase burning rate can
be expressed in terms of these spacially-averaged properties.

Consider the idealized case of the high velocity expanding and
combusting jet shown in Figure V-4a . For purposes of analysis
consider Figure V-4b to represent an approximation of the real
jet combustion zone. 1In this section all quantities are con-

sidered dimensional.
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injector recirculation h
j’,f’- port //’ zone
- "

i | —= |
7 \ \ turbulent jet
/ ;] primary (dark) combustion zone

X=0 Zene (mean a:iial velocity
profiles sketched)

Figure V-4 a

AFD

Figure V-4 b

onkuoncd proemixed propellant enters the combustion zone at

«.o sort with inlet moss flux Wy w Ao U Apwt where U, = Cy

fox chokcd flow. Toxr the purposes stated here the jet is assumed
Lo .2 pericctly expaonded to the mean chamber pressure Py = P, "= P-
.ot ds, the effect of jet underexpandedness is neglected. Gas
phase coabuation due to finite-rate chemical kinetics in a quasi-
one-dimonclonal buraing zone is considered. The annular region
surrounding the combustion zone is assumcd to be £illed with

; burned product gases at the adiabatic combustion temperature
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corresponding to the inlet mixture strength ( é ). Heat losses
to the injector facel and the combustion chamber walls are
neglected.

Combustion is stabilized at the injection port by the finite
rate of recirculation and entrainment of hot product gas. Radial
gradients are neglected in the mixing and combustion zone. That.
is, the microscale turbulence within the jet mixing zone is
assumed to be sufficiently high such that T"".'Jd. /7& << § where

ﬁ”h‘é is equivalent to the local eddy stay time within
the mixing zone. Thus entrainment (Tmix > 73u1,é) of hot product
gas leads to rapid heating of the unburned premixed propellant
gases thereby stabilizing the burning zone.

The combustion zone is extended due to the mutual interaction
of finite chemical kinetic rates in a high velocity field where
mass entrainment and jet expansion are occurring. Axial diffusion
and heat conduction are neglected. Combustion is complete and
the adiabatic combustion temperature achieved within the zone
length X, and further expansion to fill the chamber is allowed.
In this regard the characteristic humped shape of the axial
temperature profiles measured in the recirculation zones (Figures
Iv-12 to IVv-17 - the off-axis profiles) is recalled. The
rather abrupt decay of the temperature profile following the
measured zone of peak temperature can be interpreted as evidence
of the completion of combustion within the turbulent mixing zone
of the jet prior to the completion of jet expansion. Subsequent
mixing of the expanding combusted gas with recirculating gas
cooled due to heat losses to the surrounding walls could account
for the temperature drop.

The principal features of the mixing process are accounted for
by a Spalding-type mass entrainment law for the high velocity
jet, the jet expansion angle o (alternatively the overall jet

. Not all heat transferred to the injector is lost. Due to the

nonsteady temperature profile in the injector plug during an
experiment there is a slowly increasing heat transfer rate to
the unburned gases in the injector ports and upstream in the
mixing chamber. The axial temperature profiles of Chapter IV
indicate that the mean temperature of the gas in the recircu-
lation zone is 200°K to 350°K lower than the measured peak
temperature.
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length, Xg ), and the length &, of the principal core zone of
the jet assumed to be composed of unburned gases at the inlet
temperature. The total mass of recirculated product gas is con-
served. The annular recirculation regime is replenished by influx
at the downstream end of the combustion zone and the mean mass of
product gas in the annular region is fixed. Flow in the recircu-
lation zone is considered incompressible.

The mass conservaticn equation for the axisymmetric jet is

obtained in terms of the entrainment rate as follows:

My ren

. . . (v-14) l
ma = I,
For high intensity turbulent combusting jets, Spalding
(139, 141) indicates that the mass entrainment capacity of the
jet can be specified as,
3
‘ dm, - Ya
—7 = A (Mﬁr)
dx (V-15)
where v = L 4 ., = - - = is the inlet jet
o 4 Tpemt [, e “e momentum

the density of the
gas being entrained

pr -

74 = is an empirical con-
stant (&(0.2 to 0.5)) J
] Integration of Spalding's entrainment law between X = 0 and
'. X = x. yields, .
; 0i (2 = 7 3 (Lt
mi(R)= 7 [ 1+ ax(ﬂ.)] (V-16)

and

where 3 _
X =

I
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and it is required that the recirculated mass be conserved such
that

My vorae = ma (12)- Mo (v-17)

The equation for the jet expansion is approximated according

to,

ra < V‘. + V‘,".t

a
As 2 W (Fport + X, +anol )

ol A,
I;‘: anmtan ot ( r, + x_a'+and.)
Y.

”¢44-- rr’hnhs)

fets = Tret  (y_18)
Xe

where the dark zone volume is neglected in approximating dna' /dx.

'/'and =

and A; represents the total cross section of the jet. A close
examination of the direct photographs of the H2 + Air combustion
zone (e.g., Figure IV-20a ) shows that,

dark
Zone

luminous
i zZone

T'T"'__,

dpert “a—X = § +el0
[ﬁi-ﬂlﬁu—j)’

The diameter of the dark zone at the injector port is approxi-
mately one half the port diameter and the luminous zone persists
up to the 1injector port. Thus the mixing and combustion zone
extends to the injector face and the approximation that ”a' -”r-’-l
becomes quite good within one to two port diameters depending on
the particular value of the expansion angle oX .

The momentum equation is replaced by the assumption of uniform
pressucre across the combustion zone. The pressure increase across
the burning zone for the case of perfectly expanded injection

is (&(1 to 2 psi )) and provides the driving force for the strong
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recirculatory flow.

The energy equation for a slab perpendicular to the jet axis
is written as,

| 8 T

Ak . L ] - & 2 Uy = ¢ A.

dx Lm, (CfTJ 2 )] M[m"lcf’-" 2 )] & A3 (Vv-19)

where gq = the volumetric energy release rate ( SHcal o )
at 2; due to finite rate chemical cm”sec
kinetics

Integration of the energv equation between x = 0 and x = Xx.

yields,
T « ., 2
. . Ug . “l. ).( . ( 4 L-(_t
(e Tye M) = rlea e S5 2§ OO ALy + mGT T)
d 2 2 o d d (V=-20)
; T, = T, —
setting r b Cp = C,
T r T
the energy equation becomes
o y m, C{; -77'7‘_ l«(f ot'porf i)
- 2 -~ - v =] (7’, 'A. — i
d 4 @€y (Ty-Tud &, (7,-7%) 3% A(xM
75 (%)~ T a+rh +’h"u'l
where ;= li(%)"7u r =
2Cp (T, -T. =
é Tb - T (A “) (V 21)
and 3’(')’,‘) = the temperature explicit energy release
rate at 2y due to 1)/.)and reactant con-
centration J°r4

An expression is needed for the volumetric energy release
rate 8'(73') due to finite rate kinetics. The fuel consumption

rate is expressed in terms of an overall Arrhenius-type rate law,

LLF] - ™ moles Fue/
dt = - LFl Lo.] ) cm3 sec
_E
RT

where K = k e is the standard rate constant involving

the preexponential factor k, E the overall activation energy as

discussed in Chapter IV, page 85 , and T the local temperature.

[F], [02] are the molar concentrations of fuel and oxygen

n, m are the reaction orders for the overall rate law
with respect to fuel and oxidizer




The perfect gas law is used to express the density in terms
of the local temperature and the constant mean pressure. To
obtain a temperature explicit expression for mf the mass
fractions of fuel and oxidizer must be expressed in terms of
the local dimensionless temperature 73 :

For a system with no recirculation where the local tempera-
ture is simply related to the local reactant depletion (e.gq.,
Lewis Number = 1 flames) the dimensionless temperature profile
is simply related to the profile of reactant mass fraction as,

p i Ta _ Ve -V iy

for an oxidizer rich system

d  Te -Ta Vi,
(v-23)
7'3 = Yoxi =~ Vox (7'1) for a fuel rich system
Vox‘
such that c>5_73 £ 1 specifies the reaction coordinate in the

combustion zone.
It can easily be shown for the case where recirculation and

mixing of unburned premixed reactants and of completely burned

product gas at the adiabatic combustion temperature occurs that

' the temperature rise due to reaction and mixing (reactant de-
pletion) can also be expressed by these simple relations.

{ Thus convenient temperature explicit relations for the princi-
pal species mass fractions can be written as follows fcr an

oxidizer rich system,

k it s s saith. s e prey " Sak 3 . T

210
Substituting where
]
= ST g / w = i :
[F] $ /o'r m f 2 Pr ‘Pi = density at 'ra
[.Og'} = vmo,_ 2 /0.,. S l/?ﬂk/al -
. ., Y.< mass fractions
7?7} = = O(:__['r-'I - MWy Tms Fuel E 2 of fuel and
At cm3 sec oxygen
The fuel consumption rate becomes
| yy mem E_
m, = —/— YV, vl - RT
£ mw ™ mw, Pr Vs = (V-22)
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Ta' - Tu
i 72 'Tu.
A = (V‘.,«/v—.,)s"m‘
Voy = Q +$8) o2 g = mass diluent (N,)

g mass oxygen
$ CCVAYD)
n

Vox; = Ué"i - (v:*)rew;-recl

3

In order to determine LV,,‘)',“d_ul (the mass fraction
of oxidizer consumed at Xx. ) the assumption that the reaction
proceeds according to the st01ch10metry AL = = Gox /VE) storenw
is made. The total fuel fraction consumed at 7"3- = 41
is equal to Vg, for the overoxidized system. Hence, the
total oxidizer consumed is (V'Bx)r.u,‘u( = UV, = dTen)

The total oxidizer depletion at 73 cue to reaction and

mixing is therefore
(%x),. = T Uy

V_ox?', = (f - Tj)MV-F"_

The corresponding product mass fraction at 7. becomes
simply d
Vered 3 = T3 (1 +4 Vg,
where
Vox +V:;d + Vprod:‘ = 1
The corresponding equations for the fuel rich system are

3
. - Tox,
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Defining
_ v_ﬂ v_-rn
z = 4-" oxa-
"ne™m " 0
(?)0% = v-f-,'_ M [¢-Ta] ['-'rj]
RiCH
(v-24)
» nem !
GE);ﬁ:: = &« ['d5'¢¥¢7 ['/— 7'] [: /Gp .]
For the particular case of oxidizer rich, bimolecular,
second order overall kinetics
2
(F)ox = uvg, L&-17L01-71] (V-25)
RicH , &
Substituting into the expression for the fuel consumption
rate (m = n = 1),
A mw €/
N A [‘V¥L J J] - - /R
i Tvs R L TJ][Q Tl e
(Vv-26)
where
e pe 2
Pr _/pa §:73 * = Zm“/z
- - . T “
E)Ozv; = lf/ég GB _f: (,_ £
H = E/E'Tb (
6; = 6, + 7;(1-8;)
Os = Tu /T, d S I

The energy release rate due to gas phase reaction is

Z = 7’9"‘Zf
where 5; = the heat of combustion of the fuel
which is constant for the relatively

low temperatures (dissociation levels)
for the gas rocket work

=
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The set of equations necessary to solve for the profiles
of temperature, density, species mass fraction, and the energy
release rate in the quasi-one dimensional combustion zone 1is
thus completed. The equations have been solved iteratively for

the H, + Air system for a range of specified initial conditions

2

(h,, d . p,T. .
1 port ’"u
The calculations were carried out numerically using the IBM

P ) with (7,3 © ., k, and E) as parameters. |
olfs

I 360-91 computer fzcility. The iterative technique was straight-

forward with the calculation for a given set of defining con-

ditions started at the cold boundary initial jet conditions. i 3
For dimensionless axial displacement increments of 0.002 the
step size in 73 was adjusted to 0.001. The technique reduced
the local error in the computed temperature profile to less
than 2% for the dilute systems examined. The computer program
written to carry out the calculation is listed in Appendix E.

In the course of the numerical study of the system the
sensitivity of the calculated profiles, the overall reaction
zone length, and the corresponding reaction ( 7& ) and residence
( /';'cs_,b ) times to the important parameters was examined. Average

values of the local combustion zone properties were determined as,

§ AVERAGE = _V_i [o S& (Aa ) &AJ

- X _ _
'V'c = jo Aa ('x)oQ’X-

€= T PVRis §5 5 %

The intent here is not to belabor the numerical results.
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principal objectives ot the analysis were:

(a) To demonstrate that the steady state combustion process
in the gas rocket is amenable to description in terms of volume
averaged combustion zone properties. As shown by Crocco ( 152 ),
the concept of representing nonuniform distributions of thermo-
dynamic and gasdynamic properties by means of spacial averaging
techniques is often misapplied in practice. 1In terms of the

gas rocket ccmbustion process as described in the preceding

paragraphs, in order for the concept of volume averaging of axial
property profiles to be meaningful the averaged values of these
prcperties should be consistent. That is, the averaged local
temperature and density as determined from the spacial distri-
butions of these properties should be consistent with the local
temperature and pressure corresponding to the spacially averaged

volumetric energy release rate. It can be easily shown for

example, that this condition is not satisfied for a one di-
mensional laminar or turbulent flame zone propagating in a low
velocity field by the mechansims of heat conduction and diffusion.
Typically there is poor_agreiment between /3,", Teus, and ,Z.nue
and in general 'Xﬁu < Kyl X’.“Principally due to the concentra-
tion of the heat release in a relatively short zone near the
burned gas temperature whereas the temperature and density
profiles are primarily influenced by heat conduction and mass
diffusion.

(b) To examine the consistency between experimentally
measured combustion zone "dimensions", published overall reaction
rate data, and the predictions of the combustion model. 1In this
regard it is appropriate to comment on the expression of the
burning rate in terms of the Arrhenius law, Equation V-22
The limitations inherent in the use of siuch a simple expression
to express the reaction rate are well known (e.g., Fristrom &
westenberg (85) , Levy and Weinberg (112), and Sawyer (128)) and
were commented on in Chapter IV. 1In this work the overall re-
action rate data for the H2/O2 reaction (Sawyer and Glassman (128)
and for the CH4/O2 reaction (Dryer and Glassman (129)) obtained
in turbulent flow reactor studies are applied to evaluate the

burning rate term in the gas rocket. As noted by Levy and Weinberg
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such empirical Arrhenius expressions seem to offer reasonable
predictions of burning rates in systems dominated by reactions
occurring in the high temperature, high heat release zone. The
correlation of burning rate data obtained in well-stirred reactors
and the flow reactor has evidenced the utility of such overall
expressions, It is felt that the combustion process in the gas
rocket should also lend itself to such characterization. The
use of the flow reactor results to obtain dquantitative estimates
of the preexponential or frequency factor and the overall acti-
vation energy to be used in the rate law is based on the obser-
vation that reaction in both systems occurs under conditions of
high temperature, high diluent (N2) concentrations, and high
intensity small scale turbulence. While the use of flow re-
actor data to evaluate the course of reaction throughout the
combustion zone in terms of evaluating local concentrations of
reactants, temperature, and the burniﬁg rate may be challenged
it is felt that the empirical flow reactor data provide good
(certainly the best available) estimates of the overall heat
release rates for the gas rocket system.

The sensitivity of the combustion distribution and the ratio

Oof Pmix /e to the important parameters was examined for the
. _ = - O = _ _

H2 + Air system at 5? = 2.0, Tu = 3007K, PC = 4.4 atm, nh°ﬁslo,

d = 0.09 cm, and h, = 1.5 to 2.0 gms/se. The influence

port i

of the jet expansion angle ( oL ), the mixing intensity (a), the
inlet mass flux (mi), and the kinetics parameters was determined.
Considering the roughness of the combustion model the numerical
results were rather interesting. Agreement between calculated and
measured combustion distributions (overall length) and the total
heat release rate placed important restrictions on the use of
realistic values for a, OL. , and k and E in terms of Sawyer's
data. A summary of the observed influence of the various parameters
on the combustion zone is included in Appendix D.

Typically a rapid increase in the jet temperature Tj with

axial displacement from the injection port due to entrainment and
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mixing of hot products is followed by an extended zone in which
chemical reaction prevails. Essentially small expansion angles 1
oL = (8(6 to 10 degrees)) yield K, = (€(40 to 50)) and combustion
zone (‘xc) lengths somewhat shorter for realistic a, k, and E.
This is in agreement with the interpretation on page of the
measured temperature profile shape. Values of a = (€(0.3 to 0.5))
yield mixing intensities sufficiently high to produce rapid
increase of local jet temperature within 4 to 8 jet diameters
of the port in a time ( 7m/x ) short compared to the overall
combustion time ( 7% ).

The relative lengths of the mixing and reaction zone, hence
ot Toime f To , are sensitive to the pre-exponential factor
and the activation energy used in the rate law. The accuracy

of a particular choice of k and E can be tested by determining

Xe .
a - J,5 85 A, oy
My & |
éj and Aj evaluated using Equations Vv-18, 27
hf = known input fiel mass flow rate

For a rate law satisfying the gas rocket combustion conditions

the total integrated heat release rate (cal/sec) must equal

i, - G and 0 = 1. For E = 40 + 5 kcal/mole and k = 10 to 10'7
the ratio Q is (®(0.97 to 1.01)). 1Increasingly large deviation l
14

from the nominal value Q = 1 are observed for 1015 < k< 10'¢ for
E = 40 kcal/mole. Sawyer's rate data for the Hz/o2 reaction

is expressed as

dLH,]
At

Yt

= .Jbs LH,] Eé- (b&e¢>

And '&15» = /Oo£ r

where
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Sawyer's first order rate constant includes the oxygen
concentration factor in the overall frequency factor k. Two
means of calculating ')\c are available. First, ks can be
interpreted as a generally valid physical constant and Po,_
appropriate to the gas rocket combustion zone conditions can be
used to determine Jg-ﬁ"" . Alternatively, )é can be con-
sidered the universally valid physical constant such that

j&a-r. = ,ﬁ:\5= y P /(Po‘)a,r. . For the gas roEket combustion zone
at ¢ = 2.0, Poa = 5(/..:1#03 cﬁ:"':) and 4 becomes,

A b nrireg

kR =

/-2 xio”3

A

2 1S
e xlo < ph <« 3.3 x/O

Using the second method, and Sawyer's experimental conditions to
calculate (/Jo, ) :

;| moles
[He,] = /.5 +04+7x 10 —a = fuel concentration reported

- by Sawyer (128)

For the H,/0, reaction and § = 2.0, i =0.5, [0,1= [H,]

)
/oo = (4.8 +o 15 x 10-6) Cliihg
2 R SeAs
/18
2 x 10t <J°-5 < IO

The key point in terms of the numerical study is that regard-
less of the viewpcint taken with respect to extrapolating the
flow reactor data to gas rocketﬂconditions (the second method is
preferred here) the values of 4 which yield realistic results
in the combustion model are well within the "error limits" of the
flow reactor data.

Figure V-5 shows typical predicted distributions of Tj' Uj'
Py , and qj for the quasi-one-dimensional H, + Air combustion
zone at Q = 2.0. The volume-averaged properties of the com-

bustion zone are indicated. Note that combustion is complete
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5 For the

at approximately ic = 24 where /Zl = 45 and ot 7
conditions in Figure V-5 an increase in the total mass flux (meff)
from 1.85 to 3.0 gms/sec acts to increase the axial extent of the
combustion zone from 5Zc = 24 to 35. The consistency of the
averaged properties is retained. A systematic study of the effect
of combustion zone temperature (equivalence ratio) on the combusticn
distribution was not made. It is clear that for fixed entrainment
capacity an increase in § implies a decrease in the mean tempera-
ture of the product gases in the recirculation zone. This must
have an important nonlinear effect on the combustion zone distri-
bution.1 The mixing zone length should be relatively unaffected
in view of the fact that the mass entrainment rate will increase
~ Py //q,'{a The energy entrainment rate vm,T, is thus ~ T,.'/‘z
in the adiabatic model. On the other hand, the combustion zone
will be extended due to the strong effect of the temperature on
the reaction rate.

On the basis of the preceding discussion and in view of the
calculation of the averaged combustion zone properties and
Tmix/te <. 2 in accordance with the recirculation stabilized dis-
tributed combustion zone model, justification is established for
the consideration of the steady state combustion process in the
gas rocket in terms of appropriate averaged values of the thermo-
dynamic and gas dynamic properties. In particular, it is shown

that the simple parametric representation

(éi)c = €(§;), |where €
and - = - =

g[c: 7;) /Oc) v;c_ > gc B ‘LC

can be used to evaluate the steady combustion process as if the

&(.7 +o .q)

combustion volume v, were filled with burned and unburnea gases
at the conditions &:e .

Clearly this simplification will allow treatment of the com-
bustion zone boundary condition in a manner similar to that applied
to the well-stirred combustion zone. However, the two treatments

L The importance of the mean temperature cf the gases in the re-
circulation zone was noted experimentaliy. In the optical
studies with the N, window purge flowirg the §5l. value

: 1 im
skifted to lower j?and higher mean Ty -
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are not equivalent. The principle of the completely and
instantaneously stirred combustion zone is unique. It is felt
that the concitions for complete stirring of products and re-
actants throughout the combustion zone are not achieved in the
gas rocket.

F. Development of the Combustion Zone Boundary Condition and
Solution of the Nonsteady Burning Problem

In this section the nonsteady combustion process is modeled.
The combustion zone boundary condition in terms of an analytical
expression for U2O is “btained and substituted into the analysis
of the wave dynamics in the combustion chamber. The nonlinear,
ordinary, integro-differential equation governing the form of the
wave amplitude parameter is derived. Solutions are obtained for the
linearized and nonlinear forms of the equation and the principal
results are summarized in terms of theoretically predicted nonsteady
burning characteristics of the gas rocket system for the H2/02/N2
and CH4/Air systems. Theory and experiment are compared.

i comctitn

F.1 Principal Approximations Invoked

(a) The finite dimensioned, distributed combustion process
can be described in terms of averaged properties fc’,/’ct 7&: gc*, 7&“
over the combustion zone volume TG“ (starred quantities are di-
mentional). The combustion zone is extended due to finite chemical
kinetic reaction rates in a high velocity flow field for the case
of showerhead injection. The characteristic combustion time, 7&T
due to reaction kinetics is equivalent to the residence time of
gases in the combustion zone and serves as a measure of the mean
rate of heat release in the combustion zone. That is 7m7y/7é*<¢1
and nonsteady effects due to mixing are not explicitly considered.
(b) The analysis is considered to apply to the case of
porous plug injection. The model developed in the previous section
explicitly considered the case of showerhead injection. In view
of the racial nonuniformities of porosity in the porous injectors
(manifest by hot wire velocity profiles in cold flow, temperature
profiles in the combustion zone (Figure IV-10, 17), and the un-

even darkening of the plug surface incurred during operation),
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it is felt that a similar vigorous mixing of products and reactants
characterizes the high intensity small scale (based on mean pore
size) turbulent combustion zone of the porous plug. It is assumed
that the distributed combustion process for the case of porous

plug injection can also be characterized by averaged values of

the thermodynamic and gas dynamic variables. The relative agree-
ment between the experimentally observed nonsteady burning char-
acteristics of the CH4/(.402
porous plug injection and the correspondence between the effect
of Tb
the H2/02/N2 system with showerhead injection strongly support

+ .6N,) system using showerhead and
* on the CO(HZO)/Oz/N2 system with porous plug injection and

the concept that the same coupling mechanisms are active under
both injection conditions. The stabilizing effect of the porous
plug injector in the H, + Air system and the inability to sustain
combustion in the CO(HZO)/02N2 system with showerhead injection
must be explained.

(c) The combustion zone is short compared to the overall
chamber length., Propellant is injected at the instantaneous mean

chamber pressure which is uniform across the cnmbustion zone,
Pu’ = PL =P8 = 7
Pu*Po =P =P
(d) The unburned gas properties are assumed to be insensitive
to the pressure oscillations. The presence and possible influence
of a zone of underexpanded unburned propellant imbedded within the
reaction zone disregarded. 1In principle, this assumption could
be relaxed for the case of low velocity unchoked injection. For
that case the assumption of isentropic variation of unburned gos
thermodynamic properties may be appropriate.
(e) The gas in the combustion zone is calorically perfect.
(f) The mean thermodynamic and gas dynamic properties in the
combustion zone and the combustion zone volume are time variant
and are expressed as power series expansions about the steady state
conditions. All perturbation quantities are ultimately coupled to
the pressure oscillation which by virtue of (c) is uniform across

the combustion zone.
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(g) The burning rate term in the energy equation is expressed
in terms of the overall gas phase reaction rate at the mean thermo-
dynamic conditions and the combustion volume. The steady state
value is computed as indicated in Section E on the basis of pub-
lished overall chemical kinetic rate data obtained in flow reactor
experiments.

(h) The possible sensitivity of the injection mass flux to
oscillatory pressure at the injector is accounted for in the case

cf unchoked mass influx.

(1) Completely oxidized combustion products leave the combustion

zone in thermodynamic equilibrium at the adiabatic combustion
temperature Tb*. In the case of quasisteady gas phase combustion
(that is, the case of short characteristic combustion time relative
to the wave travel time) the combustion of a parcel of unburned
mixture can be considered to take place instantaneously at constant
pressure. It follows that under these conditions the burned gas
temperature may be assumed insensitive to the pressure oscillations.
The heat of combustion (q) of the fuel may be taken as constant.
This assumption is based on the observation that the adiabatic,
constant pressure, combustion temperature for mixtures of fuel
ani oxidizers used in the gas rocket is insensitive to combustion
pressure over a wide range of pressure. Not until sufficiently
high pressures to inhibit the low degree of dissociation in the
product gases are encountered does Eb* become sensitive to Bc*.
Calculations of the adiabatic equilibrium burned gas properties
were carried out using the NASA Propellant Program (103) for a
range of mixtures and psessures for the Hy, + Air system. Typical
results are listed below. Note [Xi] = mole fraction of i th species,

S = entropy of product mixture.

$ =1.00
BN T § [H] [H,] [H,0] '[NO] [N,] [0]  [ou] [oO,]
(atm)(oK) cal

gm°K

2.36 2409 2.58 .0012 .0129 .3777 .0025 .6456 .0004 .0052 .0039
5.77 2431 2.50 .0008 .0106 .3314 .0028 .6469 .0002 .00”7 .0031
11.2 2446 2.45 .0006 .0091 .3338 .0022 .6477 .0002 .0040 .0025
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$ = 2.40 :

AT S [H20] (NO] [N02] (N,] [OH] [o,]
al

(atm) (°K) g_:PF

ot

2.36 1464 2.17 .1610 .0008 .00001 .7259 .00005 .1123
5.77 1464 2.10 .1610 .0008 .00001 .7259 .00004 .1123
11.2 1464 2.05 .1610 .0008 .00001 .7259 .00003 .1123

A plot of T‘b* over the complete range of & is shown in
Figure IV-9,

Thus, for the case of short characteristic combustion time ;
product gases are generated under isothermal conditions with
respect to the combustion zone boundary. Temporal entropy vari-
ations of the product gases are simply expressed in terms of the
pressure oscillations as ‘Ls-: = -éﬁ: . As indicated earlier
the high level of turbulengé and szzrt entropy wavelength should
lead to rapid dispersion of the entropy waves near the injector
end.

With increasing combustion time relative to the wave travel
time, the assumption of combustion at constant pressure becomes
weaker. In particular, for i%*'/ f;;,, z &(7) fluctuations

in the burned gas temperature in response to the pressure oscilla-

tions are to be expected. 1In the present formulation it is found
(for the linearized case) that predicted oscillations in the burned
gas temperature are small and have negligible influence on the
theoretically predicted combustion zone mass efflux perturbation. :
This result is primarily a consequence of the dominant influences :
of the exponential factor in the burning rate law and the distinction ’
made between the averaged combustion zone temperature (upon which

the burning rate depends) and the final burned gas temperature. 1In

other words, for purposes of numerical evaluation of the system
response, the oscillation in the burned gas temperature may be
neglected. Further comment on this point follows in the development

of the combustion zone boundary condition.
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1 F.2 Formulation of the Boundary Condition r

Under the foregoing assumptions the simplified nonsteady com-
bustion process is described by the equations of mass and energy
conservation for the configuration shown in Figure V-6. The momentum
equation is replaced by the assumption of uniform pressure across
the short combustion zone. Starred quantities are considered

ey

dimensional.

Figure V-6

To allow application of the boundary condition for the finite
combustion zone at 7(*: O ., the technique originally suggested by
Crocco in the turbulent flame model is applied. The continuity
equation is written for the control volume A*-..Q* > ‘VE"

4

m> = w4 f%[/oc‘lfc*+ pElAT2- V)] s

which can be rearranged in the form

W . oL ¥
me* = m - [ (1- 32) P ] (v-31)




N
where mo* n;)¥+ A‘?_Q“ZIJ-D! = the effective instantaneous
b odt* efflux of burned gas
extrapolated to the injector
face, x*=o

o
H

and the condition _P"' = 10“_ =_P: -_-,P:' becomes

,0: T = /): T = /7: e
where the assumption of -mwc“- m%“‘}”w“*is quite good in
view of the fact that the averaged combustion zone conditions are
close to the burned gas properties and the gas mixtures con-
sidered are predominantly undissociated N2.
The equations of mass and energy conservation are written for

the combustion zone volume V¢ *

: . A %

mF =+ Tl (fe V') (v-32)
k% % T . kN * ol P Y s
mCa TS + g% = MY, T "“jg*(/”cz& Cre 7e*)

(v-33)

The source term in the energy equation is expressed in terms
of the fuel consumption rate and the constant heat of combustion

of the fuel as in Section E,

£% = g% 74, (v-34)
where 7?:)-;'.: is the instantaneous averaged mass burning rate
of fuel in the combustion zone volume and g* is the heat of com-
bustion. The reaction is assumed to be represented (for purposes
of calculating the heat release) sufficiently well by the stoich-
iometry that 1 gm of fuel burns with & gms of oxidizer for
@ = 1. For general .@ . 1 gm of fuel burns with é/»‘- gms

of oxidizer. Hence,

. *®
My = (7+ Su) 7y, (V-35)

X
where 7774 ¢ is the total averaged mass burning rate of

fuel and oxidizer in the combustion zone.

T Beaania o o Mdaia o g g oo

. 'v’“
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The fuel burning rate is expressed as in Section D by a bi-
molecular overall Arrhenius rate law in terms of the average com-
bustion zone properties (denoted by subscript c)

*%
3 » nemn .E_._.
Mo _ Jgn = /Oc" Vg-:_ va'm &l T (V-36)
» Mw, 'mw ”m ’ Z,C
Ve ¥ 2,

The analysis is carried out in detail for the case where the
overall rate law is second order (first order with respect to fuel
and oxidizer). n =m =1 . k* is evaluated as discussed in
Section E on the basis of flow reactor data of Sawyer (128) for
the H2/O2 reaction and Dryer (129) for the CH4/O2 reaction where
the "second method" is used to extrapolate flow reactor data to
gas rocket conditions.

Equation V-35 is used to write

kqm

o
% _ [ 4s Tox, e % _ROTM [ jwq*
My o = [k (1+Qu) Tf’g—"%c Pe € _}PcVE (vV-37)

where the characteristic kinetic combustion time is naturally

derived as

i -1
E
* A* E " -
Tew = ["Q //: S Yox,e V5,e Pc € T 1 (v-38)

According to this definition of the characteristic combustion
time, the instantaneous energy release rate in the combustion
volume is inversely proportional to ?6* according to,

* -k
$* = g . Pe Ve v-39)
(/-fg/u) Al
Substituting Equation V-39 into Equation V-33 and taking
* = C * = (C *, the ener equation becomes,
ot = %5 % gy eq
* * %
= »* g \ f% Ye A P g d "o %0, K
3 . — *+ -—
[/ CP 7(.— < /,,é‘/u/ %* ” cf 7; df'(/ac Ve cv 7&)
(V-40)

i
L -—‘J

kb
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The effective averaged mass fractions of tuel and oxidizer
( VEe and Vox,e ) appearing in the pre-exponential factor of the
burning rate law are considered to be time dependent and are
coupled to the combustion temperature and pressure. Two alterna-
tive treatments of this coupling have been considered.

In Section E, page 211, temperature-explicit expressions were
derived for Vge and Vox,e Wwhich are strictly valid for steady or

quasi-steady combustion. In the present analysis,

* -
7

N =
72*"72*
For the special case of second order overall kinetics, use of these

relationships for Vg,e and Vox, e yields (for > 1)

2 —~EY/R* T
17" = k5 Ve Fom (-1 (1mr) e " AR T (V-41)
since | /g = 148m , Vox = (/+ 8DV,

A simple relationship between the fuel rich and fuel lean

expression is observed for the second order expression,

[ '/704]0‘ ®ICH = [ |/’ré‘] frlE SR
Vii, &) (527, VD

That is, to obtain (It*)ge; . Yz is replaced by & 2wy,
and & by !/ in Equation V-41.

Thus, the influence on the burning rate of the fuel and oxidizer
concentrations follows from the dependence of % on T * and T *.
For the case where fluctuations in the burned gas temperature are
small, the oscillation in the fuel and oxidizer mass fractions
follow the perturbations in the averaged combustion temperature.

Alternatively, for the case where ;’c* 2 B¢ 9",::‘,9) it can
be argued that the appropriate relationship between the fuel and
oxidizer mass fractions and the averaged combustion zone properties
should be derived directly by writing an additional conservation
equation for the deficient species (e.g., fuel in an oxidizer rich
initial mixture) as, . L

WA - Tl = P Vee + L0 [ Ve VT

(v-42)

Equation V-38 can be used to replace rhfc* in favor of
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L

pet Ve
Ve, ¥ . For the case of complete combination Vg, = O
and the species equation becomes,

* ¥
. % Ve

7’77‘ V?L = v*‘. PCT *

c

It is stlill necessary to make a statement about the overall

AL PR
7 [ pe Ve” Vq) (V-43)

reaction stoichiometry in order to eliminate Vex,e in the expression
for %™ . Furthermore, for the general case in which Tb*is
“allowed" to oscillate an additional expression relating T *, V#a,
and Tb* 1s required. Since the initial mixture stoichiometry is
expressed as Uex, =(Pu) V¥, , these additional requirements

are met by resorting to the steady state relationships,(see Appendix B).

Vox, e = MI5, [@-1] + %0
-44)

Ce'T” +% Ve = Sp 7o

In other words, use of a more precise expression for Vy,a which

allows for the additional storage or capacitance term in the species

equation and allowance for a variable burned gyas temperature never-

theless necessitates the use of steady state approximations to

complete the system.
Initially, the system response was evaluated for the case where

A ST

Equation V-23 and V-24 were used to solve for the species mass
fractions in terms of the temperature-explicit formulations. The
particular case where oscillations in Tb* are neglected was con-
sidered.

A second determination of the linearized system response has
been completed for the case where the species conservation equation
(V-43) together with the stated approximations (V-44)are solved
simultaneously with the mass and energy conservation equations to
determine an explicit relationship between the fuel mass fraction,
V3,0 and TC* and P.*- Details of that analysis are summarized in
Appendix B. It is appropriate here to merely emphasize the principal
results of that calculation by way of comparison of the system
response for the two approaches.

As expected the two methods yield identical results for the

case where %, - 7™/ ?":“,“1 .  (Equivalence is also found at
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’/_% >>/.0.) For %= 8() , the perturbation in the burned gas
temperature is found to be ©- (.05 to .15) times the perturbation

in the averaged combustion temperature. Significantly, the in-

fluence of such a small burned gas temperature perturbation on the
combustion zone mass efflux or velocity oscillation is found to be
entirely negligible. Similarly, the calculated system responses
for the two treatments of the species mass fractions showed that
the quasi-steady treatment is sufficiently accurate. For % =&(/)
the magnitude of the perturbation in the fuel mass fraction as

determined by the simultaneous solution of the conservation equations

is larger by some (0 to 12%, depending on @& ) than the value de-
ermined from the single quasi-steady relation. Since the species
ass fraction perturbation is predicted to lag slightly, the com-
bustion temperature perturbation for §%==8(0 the real component
of the species perturbation is even closer to the (real) value
calculated from the quasi-steady equation. As noted earlier, these
results are not particularly surprising in view of the strong ex-

ponential temperature dependence of the burning rate for combustion

systems charac.-rized by high overall activation energies.

In view of these results for the linearized case a detailed
examinaticn of the linear and nonlinear system response is carried
out for the particular case where the influence of perturbations
3 in the hurned gas temperature is neglected (Tb* is taken as a constant
to first order) and where the simplified temperature-explicit re-
lationships for 9Vfe¢ and Vox,¢ (Equation V-41) are used. It should
be noted that a considerable mathematical simplification follows and
allows a direct evaluation of the full nonlinear system stability
characteristics.

All thermodynamic variables are nondimensionalized by their
steady state burned gas values, length by Lc*/m where
1 m=1, 2, 3, 4, for fundamental, second, third, fourth, etc.,

harmonic modes and Lc* is the chamber length, velocity by the

—

steady state sound speed Eg* of the burned gas, time by LC*/mEg*,

volume by Lr_-*-ﬂ:.p; where Agff = Ac»/n.,,,,, aild energy release

-~

rate by hy ps Cy where J# is the steady state enthalpy

of the combustion products.
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Nondimensionalizing all variables as above and in light of the

foregoing comments, the equations of mass and energy conservation

become
o _ L4 , = d ( -U—)
m = m, 7 Pe Ve (V-45)
: = Ve d ! L / d
m T, + Lo < 9+ L S (fVe)+ %)Ll
‘T4 ¢ Yo J a({—(f J’ooc dt (V-46)
where i = (1-7;) since Vg z* = E’; ('7_'5“"?4.'*)
and / ~¥* = ratio of wave travel time (% period
L = wave of oscillation) to the charac-
3 Ye* teristic combustion time.

Eliminating t from Equations V-45 and V-46 an equation for

( Lo Ve ) is obtained as,
dipve) + £ gd = §77; (v-47)
where ATe
/ c
_ B A
P = 1 = Tajly (v-48)
g = _/__T"_
/ - Te/y (Vv-49)
which can be solved explicitly for ( /Oc'V_c. ) as,
f o BER
- ’ S ' - ' e E J
PeVe _Lo gLt )milt)[_ e ]ott (V=50)

where the lower limit is set equal to ~eo since ( PVc ) is
considered to vary periodically at times sufficiently long such
that starting transients have become negligible. Only the limiting
periodic solution is relevant. Subsequently, the periodicity con-

dition is used to eliminate the infinite range of integration in

the numerical analysis.
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Equation V-31 is written in dimensionless terms

e e L d
mb = ™ (1 TC) d_e(Pc-u-c) i (PCV ) d'g (Vv-51)
Substituting {for c—f—t(pc'rc) and (PeVe ) from Equations

V-47 and V_SOI ”
J Bl )ot-t'

+
Mg = ey + sj swymmn e B Jar
-o0

A= /- (/—Tc_)s

- L%
(/7&)%+dt

All variables in Equation V-52 are time dependent in general.
Pressure oscillations in the gas rocket, both linear ana nonlinear

shock-type waveforms, are characteristically low amplitude,

. It is appropriate to consider all time

Pay
a2 Aav N
P

dependent variables as the sum of a steady state value and a time

dependent perturbation. In accordance with the Mitchell-Crocco
analysis of the chamber wave dynamics all perturbation quantities
are ordered in terms of powers of the steady state Mach rumber
of the burned gases. Denoting steady state values by the super-

—

posed bar, 774° = 95, = -5

The instantaneous perturbation in the mass efflux from the

combustion zone, extrapolated to the injector face is

rt ﬂ[‘t )
m° = d_ _— [ - ‘)‘t' 7'é(f )dt‘
7%
(Vv=53)
The combustion zone variables are written as linear expansions
about the steady state values. 1In general, € = € + €,+€,
where €, =G(M)) €a=6(Mz)
fes 1 Py Pur pos 1 Hp et
Pe = ,O‘._-I—f)c‘-r-/)‘_&.;... Ty = /1 + 7o, +To, +
Te = 7: .,_75’.,.7-0_&_,_... Vo= - (v-54)

Uy = U+ U+ U+

— T T R R N T R R T re———n i i im s 4B kg, 2 YT R N PR PN 1| T

T T . P
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All lowest order terms are of order 1 with exception of u
which is nondimensionalized by the steady state burned gas sound
speed, such that u = M,

The burned gas mass flux per unit area extrapolated to the

injector is,
My = LU P (M UP e ug)
mg -7 = U (147 + Mp® + U, + &(m®) (V-55)

since 7;): sm= L =M
The possible sensitivity of the injection mass flux to the
oscillatory pressure at the injector is accounted for by expressing
the instantaneous mass influx in a power series expansion about the

steady state value,

m; = 777i -+ 777&1_-+ Vigi

¢ cp T (V-56)

For the case of choked mass injection flux me s,2,. © and = Th

is equal to a constant. For the case of unchoked mass injection
ﬂ75;1 is related to the pressure oscillation at the injector

face 1q° by means of a "response function" determined from the

steady state isentropic laws coupling the pressure ratio across

the injector to the mass flow. The original formulation by Crocco

in the turbulept flame model is utilized. For isentropic flow,

the mass flux per unit area is

* 4
. -
wm* =\ L M"L, + (&;)Mf]a
R VI,
where

r .
s fog % ‘/OM;* = (1 + 5/-‘{-’ M;‘)Ec_: v
Pe e

*

sil=
=
!
P
ML
o
i
—
pl-

mr* = (c:on:.-fani)'(fﬁz )

mix
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The response function is determined as

£ L = = Ll : W
m* ‘lf%' 20 fﬁ&y>&iﬁ *+ &
,’G' &1. - l
and Equation V- 56 becomes
m‘/r; = BT Wf?," +§(M'~) = /el - (V=57)
Y = <+ =l = J |
2y (fm-./ﬁ. )b’:..);: -3 r. (V-58)

The condition of choked injection flux is defined by,
Eva

p=o . Pt TR = (TE)i

77.’)-:-77'7
A

For the case of unchoked injection the mass influx is coupled
to the pressure oscillation, W>o . Due to the low inertia of :
the gaseous flow system (the injector and the mixing chamber), the |
response time reqﬁired for the injection mass influx to adjust to
a change in the pressure drop across the injector due to a change
in P is short compared to the wave travel time in the combustion
chamber. The mass influx therefore responds with negligible lag
to the P fluctuations ang is essentially 180° out of phase with
the pressure oscillations™. An estimate of the lag can be made on
the basis of the wave propagation time in the injection ports. For
injectors 0.6 cm thick and an unburned gas sound speed of 3 X lO4
cm/sec, the lag is (&(2 x 10-5 sec)) or 1 to 2 orders of magnitude
less than the period of oscillation.

The strength (magnitude of ¢/ ) of the coupling is increased
with decreasing steady state pressure drop (decreasing Minj) across

the injector. In the incompressible flow limit of low pressure drop,
/

ﬂfnJ = / + 670 2 Af_{:”a W = aéf
F.2a Sensitivity of the Characteristic Combustion Time to the
Pressure Oscillations

The experimental observations have demonstrated the important

lDenoted by the minus sign in Equation V-57 .
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influence or chemical kinetic factors on the nonsteady burning
characteristics of the system. It is logical to suspect that such
an influence derives from a coupled response of the gas phase
burning rate to the pressure oscillation. In terms of the present
model this implies a response of the characteristic combustion
time 7, to the pressure oscillations principally through the
temperature sensitivity of the burning rate. The important non-
steady effect of the variation in ( L.Ve ) is already included in
terms of Equation V-50 and is implicitly coupled to the charac-
teristic combustion time through the exponential term. As will

be apparent, insensitivity of the characteristic combustion time
to pressure oscillations naturally precludes the support of
combustion oscillations.

The instantaneous value of 7 is expressed in terms of
the steady state value plus a time dependent perturbation pro-
portional to the perturbations in the averaged combustion tempera-
ture and pressure. This formulation can be justified in view of
the low amplitude of the experimentally observed sustained oscilla-
tions and the schlieren and shadowgraph observations indicating the
absence of extraordinary nonlinear chemico-fluid dynamic coupling
(such as observea by Tsuji and Takeno (76)) between the combustion
process and the pressure waves during nonsteady burning. That is,

to &(m*)

AT PO
75* o?c* )
In nondimensicnal form,
/ /
=~ = = + &(m*
7& ?:!. [/ i ZI ( )] (V-59)
where
2, = 2; 7%, + Zppi°
and
2 = _l__ a_ﬁn ,/;c*
T T O Ln T
oL2n /7>

2

P 9,0,,‘7253‘

B
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For the second order overall rate law, oxidizer rich expression

of Equation V-41,
_ 1 _ [ 1 % l_]
c R T /-7 g-7 /=¥ (v-60)
Z‘P = 1
For an initially fuel rich mixture, '/Q replaces ¢ in the
expression for §., . The steady state characteristic combustion
time may be determined from Equation V-4l in terms of the properties

of the unburned propellant mixture and the steady state mean thermo-

dynamic conditions within the combustion zone.

The expression for ¢»g —m) can be developed in general
in terms of 7e, and  40,° . Equation V- 53 is written in
the form ) V:
. — —_ -, c Ve
i« B [6R 1) 8 5 T w-61)
where ' e le) . - j PUD) T lE°D At
AV . [ Ewy 5 [e Tol¥’

Equations V- 54 to V-60 are used to simplify &, 5, §, /4, '/'7'c

— —

s 7 -
S[f)=g+3’,+9(ﬁ47-)7 g'—/—_——T;a': 75,‘%:7&,

= e -_— .- -] -
Alt>= X +X, M), B = /- EU-T), og=§3g Ta,

N 2tE ] e A%,
pLeRiSl Bl A HIB 4R, | B SIGEA Arcf—a—ir; P

S = S+ & + (M), % = ﬁ: (I-Te

i g _ _ _ -1 L%
o, = 1—Te {K"‘ O 6'-7‘1 17, + ('_T"szf’a +0:% E'

/3[‘!‘) = ! o
i i y CRVICR R 2P

(Vv-62)




236

The first term in Equation V-61 is

o Z"_'il- -1 = = C(I-Te) t % ST, +[1-Zu-%>]p

The second term is

8P%:_S/UE + 3’/)%7/2 + —S(ﬂsvé)’

7‘5 = 5
| since
Ple = p o (TR
75 ”m » /4

Substitution of these expressions into Equation V-50 and
retaining only terms to (M), the steady state relationship is
obtained as,

pe e
>

and the first order equation becomes

= (V-63)

= , t @— (4t ] % e ;
ve) - - > e i i ’
1 (,%gc)j = J_"'_’.,_c.' Te, s [ZT"' O"T"]JT:' € dt /6 [z K If, (:f64)

Considering the lowest order terms within the brackets in
Equation V-61 to order M (since s =M )
. = _ = [ m = p Ve = s = a =\ | =
My -7 = m[“ =+ =1 + § /°5.,.—‘]=m[-$(l-7‘c)-r L (-TdTe |20
m »m orc
That is 7hp - 70 = 8(ME) . Hence in Equation V- 55where
-rh:-r';’; = Wul(1+p°) + UF + M/a,° + &(M3)
the boundary condition on the first order perturbation in the
particle velocity is
“’o = 0 (V"65)
and _
o _ . e - -
u;" = (g -5) M 49,° - (V-66)

where, in the present model 7, « o
o= P’
o & HP
ﬁ’ . ° ?

‘")~-m

An expression for — is obtained as,
- _ - ¥~ d&
= Al1-%)[z, ¢ 1%, {/s(/-m Zp = w[/-,e(f-rc)]}ﬂ *ﬁm dt

2L _- -&(.t t) "&(f -¢’)
| -4 z/-m{szJ—i-;c]J %, € 2 +[2;o**"1f1°' ® e
- = (V-67)




237

From Appendix A the result of the Mitcnell-Crocco analysis
of the wave dynamics in the combustion chamber is simply,

U.: = M? {(1)'")7‘:(6) - (‘)'-r')[-f(e)-,la_]g (V-68)
where 0O & & &£ ¢ = is the dimensicnless

stretched time

£y = 811

9= AGMF6) e x =0

and where &k = -F(o)+-f(a) = for nonlinear shock-type
5 — waves with discontinuity,
c k is the average value of

. f at the discontinuity
f which is assumed to be at
e = 0.

For linear waves k must be determined as the correction on

the period of oscillation (8 = 2) from the linearized analysis.

Rearranging terms

df _ z-1 us
(F-RZs = 7 i = MECE+) (T2
where _
_u.?'-i = M - _hiﬁ = aE m_":_‘ﬁ —.'lb’j'] (V-70)
ML+ MZ(y+1)  MELFD o+! m2

In order to reduce Equation V-69 to a form which can be ~olved
for f , an additional relationship is required which will allo
the specification of the functional relationship between the
‘ averaged combustion temperature and pressure. In previous investi-
gations of nonsteady burning in solid, liquid, and gaseous systems
(e.g., 27, 80), the isentropic relationship has been applied to
couple an "averaged" combustion temperature to the pressure. 1In
the original turbulent flame model, the actual burning process was
considered to be quasi-steady ( iz~<< 1 ) and the condition of
isentropic variation of the unburned gas properties together with

the quasi-steady flame jump condition, Tb* SN AR q*/cp*, pro-




238

vided the important additional bit of information to close the

analysis. 1In the present formulation, the necessity to consider
the complex gas phase combustion process in terms of approximate
time-dependent averaged thermodynamic variables coupled with the
experimental result that the combustion volume must also be con-
sidered as time dependent, precludes the exact determination of
the relationship between the combustion temperature and pressure.

The difficulty appears to lowest order if we write the steady

state relationship as _ h e =1 =
Ve = = = M T
c

where the right hand side is a function of the known steady state
mass flux and pressure and the averaged combustion temperature.

In liev of an exact integration of the governing partial differential
equations relating local thermodynamic pruperties throughout. the
turbulent combustion zone, the averaged combustion temperature and,
hence, the mean steady state combustion volume appear as parameters.
It is precisely because of this difficulty that the analysis in
Section E:2 was carried out. 1In that section, the appropriateness

of considering the burning process in terms of self-consistent
volume-averaged thermodynamic properties was verified. Typical
averaged values (EE = @(.75 to .¢) were calculated and the overall
combustion volume determined. These results are used here to

specify values of the steady state averaged combustion zone properties
(To. Pe, %es Ve ).

In the absence of information about the x-dependence or time
history (in the Lagrangian sense) of the combustion process the non-
steady combustion volume, pressure, and temperature are implicitly
coupled to first order. In the following paragraphs the nature of
this coupling is explored. It is suggested that precise experi-
mental information regarding two nonsteady parameters (e.g., the
phase relative to the pressure oscillation and magnitude of the
volume oscillation, or the relative (to #° ) phases of the volume
and mean temperature oscillations) over the range of equivalence
ratios would be required to completely define the system. Lacking
such detailed information, the consequences (with respect to the

linear overall system response) of several alternative relationships

e e

RGeS oy
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between the volume, temperature, and pressure oscillations are dis-
cussed. A detailed examination of the linear and nonlinear system

response for a particularly simple form of the coupliing relationship

is carried out.
In the present model Equation V-64 represents an implicat re- !

lationship between the perturbations in the mass,

temperature, Je, , and pressure oscillations ( #° ). A second

equation relating these variables and introducing the time dependen .

combustion volume follows from the perfect gas law. The combustion

zone volume is nondimensionalized by dividing Ve* by L& . F):.;.,c

where 'V'c' can be approximated as I:. /):.p.; where

0¥ = (/asf[Ajrdz . mence, Vg = & (L/(:E/md) 0 (ko) 6M),

The nonsteady dimensionless combustion volume is expressed as the

sum of the steady state value and a time dependent perturbation,

Ve=TV; + Vg, 4+ Ve + O(MP) 1

t f f {
&m> E(m) &(M*°) ,
From Equation V-64 , ( /)c Ve )y = Om*) , and j

/oc_7/c' = (/5; '*/‘%l ,....)617-&‘.,.1/5’ + Ve, )

cbczal)l f/4:v? —-/é:it ::'ié/qc/ */Z% Vep + WE//ZL *'ZE$/AE,:’C9(ﬁ1L)

Therefore, Ve, = O and
= Ve + V-
(peVe), Ve pe, * fe Vee (V-71)
The perfect gas relationship is combined with Equation V-71
to obtain a second expression for 6°.§Z_-9—?' as,
”
Ve —
(B) = % [po- Tt » e
7 /1 Te Va (V-72)

Eguations V-64 and V-72 can be solved simultaneously to obtain
— o
7e, = T (701 S Ve,)d | (v-73)
Equation Vv-64, 72, and 73 can be considered os equations coupling
7e, and £, once the nonsteady volume contribution (V{-,& /-V—c)

is known,
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case 1: Ve = Ve # Ve#) This case is contradicted by the
experimental observations (see Chapter IV) but can be
considered as an approximation to the subcase of

v'cl I\_iE << 'ﬂ’o) TC’

Neglecting Ve, /Ve in Equation V-72 an implicit relation-
ship is obtained between T, and £° as, _
- = U
=
Te, - Uac %[_ZT ]-T]J‘ rcét')e P" a('t
B (e-¢)  (V-74)
= ._" e " +é(2 +$V)f preese® !

A general solution for the combustion zone boundary condition re-
quires for this case a simultaneous solution of Equations V-67
and V=74 . In the limit of short combustion time (7% << 1)
Equation V-74 vyields

7&, — 7—.;(2_.'” +‘9’+1) 70,0

/- 2,7 (V-75)

where the coefficient is in general less than zero for 7 ﬁ&(l)
and high overall activation energy systems. 7¢, ~ -70,° describes
a circumstance where the temperature oscillation is essentially out
of phase (by 180°) with the pressure oscillation and as will be seen,
nonsteady burning is precluded. 1In the limit of long combustion
time, Equation V-74 gives —
That is, the temperature oscillation is in phase and somewhat smaller
than the pressure oscillation. It is of interest to consider the
approximate relationship between 7z and 70," for arbitrary fc ,
which is valid for the near limit linearized case of continuous
harmonic oscillations, where,
= £ e_c'rr'é
E -7 e Lt -€r;o> (Vv=-77)

1 Crocco (154) suggests another way of considering this formulation
is to consider V¢ as a fixed zone equal in extent to the minimum
of the nonsteady volume. The approximate averaging procedure
would then be considered to apply to this constant minimum portion
of the overall combustion volume,

P o, R
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The perturbation quantities are considered to be & 77 periodic in
the dimensionless time, ¢t and €-r’n is considered as the finite
phase angle of the oscillation in the mean combustion temperature
relative to the pressure oscillation. % and 7, are defined as
(real) positive amplitude factors. Substituting Equations V=77
into V-74 and carrying out the integration yields,

=~ 2 =2 A
a + a =
7, =[ s 2 ]2 = @‘70 (V-78)
ol @, +ap

G..,r_, = fan”’

a, a, _.54 a, (V--79)
2 2 /
/ = b = é = e
a, = 4 o bz+1TZZ° b o 2o ZT+J" <
where o T
a, = b
2 C 2 e—
LE+TT Qg 22 (ZP-f‘//)
&, = baag* 1
Zeq = 7723 (V-793)

A summary of the results of calculations of G and €7P for the

typical case of H, + Air combustion is listed below. The calculated

—* —
results correspond to ‘Pc = 7.8 atm, T,_'* = 3OOOK, E* = 38 kcal/mole,
% _ 14 = -
£% =5x1077, ¥ =1.25 T = .80, 7, = .288, =0
Lc*/m = 80.
§ l.01.5 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6 3.03.1 4.0

G 22.01.1 1.03 .75 .70 .65 .62 .59 .58 .69 .78 .92 1.0
] éTF 180 180 176 175 173 169 164 150 127 97 52 8 0

; Table VI

The condition for positive coupling of the burning rate and the
pressure oscillations will be seen to require that the real component
of 72, be positivel, that is, that /E-rp/< % . For this special

case, the system is observed to be damped for ﬁ £ 2.6 ( ’7’; = .75 ).

A necessary but not sufficient condition for unstable system
operation.




242

With increasing jﬁ and ;L , G rapidly approaches unity and
érp approaches 0. That is for the special case where the influ.nce
of volume oscillations is neglected in the calcuvlation of the
temperature-pressure ccupling, conditions favoring positive driving
(71 = 7o £1 and €+p 30O ) are rapidly approached with
increasing @ (for 'I‘—& > 4 ) due to the strong dependence of

the mean combustion time on the combustion temperature.

case 2: Ve = Vel(®) The condition of unsteady overall combustion
volume is consistent with the experimental schlieren ob-
servations discussed in Chapter IV. It is recalled that
an oscillation in the axial extent of the burning zone was
observed to accompany the appearance of small amplitude ]
shock-type instability for the H., + Air system, &P ¥ 2.6 .
The shock wave passage was obseraed to follow the maximum
in the volume oscillation by 1/3 to 1/2 the period. Sig-
nificantly, the observed dimensionless fluctuation in the
burning zone does not appear to be negligible compared to
the dimensionless pressure oscillation. Scaling the axial
dimension of the burning zone directly from Figures IV-31
and IV-32, a crude estimate of - -
is obtained. The sustained | Veg lmox / Ve = & (.25 +0.3)
dimensionless shock wave amplitude was measured as AP ~ .0p

c

Again, restricting attention to the near limit case of continuous

harmonic oscillations, the perturbation quantities are written as

1°’o = P' e-i.'n'b %
Tc, - _net.(ﬂ"t—é'r)o)
Ve, = Ve (EE -€vp) (V-80)

+,,T:,V; are defined as positive real amplitude factors and Erp
and €vf are finite phase angles of the temperature and volume
oscillations with respect to the pressure oscillations. 70,°, 7Te,
and Ve, are considered to be @7 periodic in the dimensionless
time, t . Substitution of Equations V-80 into Equations V-64

and V-72 and integration of V-64 , gives

(PaVe), = [c - e b-im L('n-t-evp)_ b-in  imt
e’c/r = i T S T 3 pamz 7o'(v-81)

_ int 3 ((mt-€xpd o d["t"e-rf)] j
(,2;___2’5),2%[70,& o +$:e

e (V-82)
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W
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where " = = -
c,= "i ) /A— ’:‘%_ ("9“) ) <

c

[~"%
\
J

Cr, = ""/—5 [_Z-r'*d:‘:—r‘] "ﬁZO
Cz = *,Z[ZP*WUJ

_ o (peved,
Eliminating po 2l from Equations V-81 and V-82 and
equating the real terms of the result and expression gives

: Ca 7T . c
LC, .rl cos 6773 - bzz_'_"rl (b aeas e-rr; - 7T Ssin €TP> - bg fﬂf;)COSTft

. g 5 Camr .
+1C,T,sinE - C, T, TCoS €ryp + bSINE - =3 I:]sm‘n'f
[ y TP o +'n!( P 77’) b‘+777:

== ’TE._[«’o, -—2_'_0056-,-70 'I'_ll/r-':"- COSEVPJcosﬂz‘:
c c

- _;:[ /) SN€rp - -2 sin€E sinnt
| I p- L w | v-83)
Te Ve (

Equating the coefficients of cosw¢ and sinwn? yields

C, T
l ! Cb cecs GTF ”-S’n ETP) -— bl_'ﬂz f/ = 'I‘E[f’ (ose .'.Vc Casﬁ'a

C 7-’ 00567P 2
*
(V 84)

. v,

¢, Tsine - C2T l = - [ . _ Y o]
e 1) S TP bl+nz(7raase,,,+b5me,r) U.* zf’ 72 = Siné,p 7: Sin e
It can be immediately seen that the combustion model implies that

either or both é.,r and €y, are non zero. For GTP = €= O,

equation V-85 gives,

T . _ Cs
7 C,

Both Cy and C, are >0 and L >0 by definition. Hence, e.,f,zevp‘o
(4
leads to a contradiction. gxe combustion model applies to the case

where the oscillations in the averaged combustion zone temperature

and/or the combustion zone volume are out of phase with the pressure

oscillation.
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Equations V-84 and V-85 are reformulated as

Q,7T, - az _f)’ = VY, cos Evp (v-86)
azT, - Aq° = Vi Sin€vp (V-87)
where
vV, = Vz/v
a, =a,cosep v *2 SN Erp
as; = &, €os é-rf + a,sin érp
and

a,, Xy ,a}_ R 5.4. are given in (V-79a)

Equations V-86 and V-87 are solved to obtain i /70, and
e-r,o in terms of the volume oscillation amplitude and phase angle.

Dividing V=87 by V-86 gives

T 6'('.4 - &, Tan Evp
P d3 - & tanéw (v-88)
Eliminating 7; from V-86 and V-87 yields
= = o T (V-89)
An expression for €.,..r is obtained from Equation V-89 as
-1
Erp = tan™ X - (V-90)
K = Kn - (0-4 a, *azaz) + 2 (achsevP-o- a,sSin €vr)
whence 7°
CosS &€ = ELD SIiN €qyp = Ratl
TP CX.}-O-)(,!-)V?— o r o +X 2D Va
Substitution of these expressions for cos€,p and Sin€&rp into
Equation v-88 yields a simplified relationship for '7"/17, '
7, 7 _ N
<2t | )
7 e (v-91)

L
N = [( !fi )l-r a(.fv_"’)(é" s/n évf -+ aZ COSévf) 'f'&.qz.} azz:ll

D = (a/z,_a:)Vz

e e st .ttt e et e ettt \ Ao

S IR

s BRI,
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Equations V-88 to V-91 are considered as generalized expressions
for the amplitude and phase of the temperature oscillation in terms
of the pressure oscillation with the amplitude and phase of the
volume oscillation appearing as parameters. Equations V-90 and
V-91 reduce to V-79, and Vv-78 obtained previously if Vl/Pl
is set equal to zero. As noted earlier, a precise experimental
determination of Y'/P, and €vp as functions of P would suffice
to allow a complete solution to the system. Alternatively, the
temperature-pressure coupling and the system response can be
evaluated in detail for several choices of V'/f), and €v1o

Figures V-7 and V- 8 summarize the results of calculations
of the amplitude ratio, 7, and phase angle, e-r,o. for the case of
oxidizer-rich H2 + fir combui;ion (Pc* = 7‘;8 atm, TL* =300°K,
E* = 38 kcal/mole, k* = 5x10°, ¥ = 1.25, T_ = .80, = 0, 7= .288
Lc*/m = 80). With respect to these results the following points
are noted:

(1) For small values of the volume amplitude ratio (Vl/Pl = 0.1)
the calculated 7 and €rp are in close agreement with values
obtained earlier for Vop = 0. evr has only a minor influence.
Favorable coupling (/61,‘,/4.7&) of the temperature and pressure
oscillations occurs only for $ z 2.7 with 7 rapidly approaching%
and €rp approaching zero as § and % increase.

(ii) The important influence of allowing V. (t) is clearly shown.
For fixed § and %  larger values of V,/P, eventually lead to larger 7

and, for 7. % e©(4), to a regime of positive coupling for e, (ﬁ)éévﬁ‘dg (7D

(iii) For V,/P, = 5, &= &(3M/4), & = &(31/2) for P = 2.0, T = .056.
o, and %, increase with increasing §, i For § = 2.6, 'Z,= .75, o4 = &(m)
O‘L= e(77/4). _

(iv) For fixed Vv,/P, and Te = 6(4), 7 exhibits a weak dependence
on §, %, and €,., over the range (€,p) of positive coupling. Whereas
7% undergoes a systematic increase of several orders of magnitude as
$ increases from 2.0 to 3.0, 7 = (.3 to .6), for V,/P; = 5.0.

(v) For 7¢>>»1 large Vl/Pl leads to values of 7>1 and a shift in
the regime of positive coupling to o) = &(77/4), &, = e(7/2).
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Therefore, for the physically realistic case in which the effect
of the nonsteady combustion volume is accounted for, the linear system
admits the possibility of positive coupling of the temperature and
pressure oscillations. In general, for harmonic oscillations,

Te, = 7e-¢'er,o 2° (V-92)
where both the amplitude ratio, 77 , and the phase angle,évr, are
dependent upon the amplitude and phase of the volume oscillation.

For the limiting case of negligible volume oscillation (or alterna-
tively the case where the boundary condition is formulated according
to Crocco's suggesticn,_see footnote page 240), Tclfv - Pi at short 7
and T, ¥7,B} (7= U%_T‘-Ta ) for % Z 3. For %2 = 9(.5t0 3), Z ~ 1
and €, 4 °

! From the schlieren observations of the H, + Air combustion zone

2
during sustained nonlinear oscillations, an estimate can be made of

decreases rapidly from 7 to 0.

the volume oscillation amplitude ratio, Vl/P . From Figures IV-31, 32
and page 242, V,/P; = \fc._/_?‘?._ &(5 to 10), The phase angle was
estimated as < é,P_U . Although certainly not conclusive evidence,
the experimental results do offer direct support for the stated

conclusions regarding the temperature-pressure coupling for § = 2.6,

Vl/Pl = &(5).
In order to calculate the overall system response for the H2+Air
and CH,+Air systems, the weak dependence of 7 ( % =1 to 2) on §, Z

and e"'? for the regime of positive coupling is used to set 7 =7%. .

In principle, calculation of the response for various parametric

values of 6,rcou1d be carried out. At this pointe.,r is retained in

the coupling expression. For the analysis of the linear system

response, the influence of finite 6,,,15 noted. Results of detailed

calculations of the linear and nonlinear system response for a partic-

ular choice of é"P’ namely e"f’ sufficiently small such that cos&p

and sin€ P-O (within the regime of positive coupling) are presented.
Using Equation V-92 to replace T,y in Equation V-67, the expression

for the perturbation in the mass efflux from the combustion zone

becomes
_ -t€rp

e _fes o o
L= ,e(l-Tc)[(z * 7% )7e Ty Z,o]f,+7éﬁ'7e- j‘?_fb_’
-—¢[r- /5(/-7_2_)]10,°

] A '
Ez _ _‘6 = ﬁét t’)
"G a7 *(ZP*"')] 7"'“)6 *
[ 3
(V-93)
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Yz
which is substituted into Equation V-70 to obtain m%(j+/) which is
used in Equation V-69 to obtain a single nonlinear ordinary integro-

differentia} equation governing the form of the wave amplitude
parameter, f,

_df - e -é( -¢')
(f-k +CT)7> = Af + Esn"f fitre T dt' (v-94)
where
_ 3x-)
Ae B - A G| B7E T 1) E [-pondy
- P
R = Jf, /5 (1-'&)[(2 +8__r)'7e e er-r‘/"]
= JX T-1) ‘ée'F
CL I+ 3-¥b_7‘e

Similar equations have been obtained by Mitchell (34) and
Sirignano (81) governing the wave amplitude parameter in theoretical
studies of nonsteady burning in liquid and solid vropellant rockets
with concentrated combustion. As shown by Mitchell, Equation V- 94
can be simultaneously solved for the linear stability characteristics
(stability limits) as well as the nonlinear stability characteristics
(finite wave amplitude and waveform) of the system.

F.3 Linearized Analysis of Equation V-94

Considering 7 and €,f as fixed parameters, the time dependent
variables in Equation V-94 are f and k . The equation can be
linearized by considering f and k as power series expansions in
a small amplitude parameter € . That is, for

$= ef + €25, +.
J&=, Jbo -+ éijh,*“"
Equation V- becomes _ é_ (e-¢')

(2]
) Te ’
[& N C‘-‘Ye,]d&, = A&, + 131_’;' ioo 5" (the A€ (V-95)
A+LITE = (WO

For continuous linear waves, 27 periodic in 6, :f-, € e by f,
and A =0 , F‘= 1 describes stability boundary. Making this substi-

tution for fl in Equation V-95 an equation valid at the stability

v
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limit is obtained as
- -] -
H ’_ - B'Yc,__ Jé._ 3 -0
(mi-k,-¢ck%) = A T (AR Yo (% -ém) (v=1e)

where, in general A and B are complex through the appearance of the

~ie A .
factor e 1€ cose,r = 151ne.,.P. A and B are written as

AzHr-fl;ﬁ;

2y /T
x- Ay — — l b3 - ~T)| Y
ﬁ, - 331’: - b-'-:ll:/z(,-’-c)[(z.r-*p’c)?coserp % P]+ a'-r/[l /é(I )]

T gfl/;(,_ﬁ)( & +J—1':7")5:'n6-,—7o
B= B, + LB

. - 3 -t
8r = %Etlsa(/-u)[(z"'+&-'7c_)7°°'s€*f +ZF+WJ7

_ — ! .
5‘. = —?E,ﬂ'a (/-Tc> [(ZT+J—:-_7_C>7 Slné'[P]

Substituting for A and B in Equation V-96 and equating real and
imaginary terms, two equations valid at the stability limit are

obtained
— _ -
Ay + G [ﬁré *B;’TJ =0 (v-97)
(/i/,;c)l-a-‘n'z <

[e— = .
J@o = 7 g, - B, L_7_ A + % C (v-98)
(A T2+ 2 " C T e

In terms of the Mitchell-Crocco analysis, Ty is the first order

correction on the period of oscillation T defined by

7’ = 7-'0 + M 'T'l p) 770 =2
7 =-R
T 7 n. B A
PR e m Al

The linear stability limit is defined in terms of the important
system (steady state) parameters by Equation V-97. Substituting for
Ar’ Ai’ Br' Bi' and/e , the stability limit condition can be

writtea as,

e St T i i
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=T {[(2r+ 5 )7 (coserp » B sinep) + 2pf

ooy [ 2 ][ (] -6 7w |

(v-100)

left-hand side of Equation V-100
right-hand side of Equation V-100

setting L
R
the stability condition is
L >R unstable
L =R limit
L <R stable

2 ; and Zpare defined for the second order overall rate law,
oxidizer-rich initial mixture by Equations V- 60 with the
condition that 1/§ replaces § “or fuel rich combustion. Substitution
i for Z_ and Zf’
' = H / / / 3 .

/- 8. l R — i (-—— L e 1'£%

= :(—,23( 3:; *‘V){ i [ KU-B )] (777')2} ~-(-&)y

where . % (v-101) 4

gives the limit condition as

*|rn
|

i

[]]
x|
N

The influence of the various steady state combustion parameters
on the system stability are clearly shown in Equation V-10l1. 1In
particular it is apparent that regardless of the amplitude ratio (%)
and the phase angle (6.,.’,) of the temperature oscillation nonsteady
burning is precluded for the case where 7': is sufficiently small
( l/frc sufficiently large) such that R > L. This condition is
in fact realized for the H, + Air system (see Appendix D) as (]
approaches unity and stable combustion at and around the stoichiometric
mixture ratio is predicted.

It has been noted earlier that under conditions of favorable
couplir.g,"f = &(7,) independent of 6_7‘ In any case the calculated
stability limits are quite insensitive to moderate changes in 7 as
long as 7 = © (% ). The influence of finite é,,,on the predicted
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linear stability characteristics is readily seen from Equation V=101,
Depending upon the relative magnitudes and signs _?f cos é’f and ’écsine-,P
finite Eﬁpcan produce a significant damping for %Zeé (l). For
example, as e"f"f the sine term becomes important relative to the cosine
term and, as ¥ becomes large, a significant decrease in L occurs.

In light of the discussion (pages 242 to 247) of the temperature-
pressure coupling and the comparison with the schlieren observations
it is considered relevant to examine the theoretically predicted
stability limit conditions for the H2/02/N2 and CH4/Air systems for
the particular case where ‘7 is set equal to % and 679 is considered
sufficientE/ 521_:;.1 such that cosé,r""'l, sin e.,Pf-fé.,FO. Note that
for small % F 7 1 may be realized. Neglecting th%f term essentially
removes an additional destabilizing factor at small 7z . However
for small ')Zthe l/ﬁ" depe_a_ndence of R dominates and the results are
unchanged. For ’Z = 9(1),”%:.6179 = e(.?)efr“l, for b’ = 1.25, Trc = .8.
It is also noted that for e.,’,= 0 the linearized results can be
compared to results for the full nonlinear system governed by
Equation V- 94 .

From Equation V- 99 for the case of small évf the first order

correction to the period of oscillation is simply,

7, =‘7:c[c",§§f77='ﬁ&]

Since the bracketed terms are positive, at the limit the period of
oscillation is predicted to be less than the acoustic period.
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